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Abstract

Hydrothermal conditions created by high conversion in Fischer—Tropsch hydrocarbon synthesis induce cobalt-silica mixed oxide formation
causing deactivation of silica-supported cobalt catalysts. The mixed oxide phase displays a distinctive needle-like morphology with a 1-nm
lattice spacing and has a & atomic ratio of 1.21. The hydrothermal origin of the mixed oxide is confirmed by the fact that steamed
catalyst samples contain the same needle-like phase with identical lattice spacing/&idafio. Reduction in 1.2 MPa Hat > 400°C
decomposes the mixed oxide and recovers small metallic cobalt particles.
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1. Introduction posed as a deactivation channel in CO hydrogenation. Deac-
tivation by some sort of refractory carbonaceous phase has
Cobalt-catalyzed Fischer—Tropsch (FT) synthesis con- been widely postulated [2—9]. This mechanism, however, is
verts natural gas to hydrocarbon liquids with high carbon hard to unequivocally prove in FT synthesis due to the pres-
efficiency due to the low water—gas shift activity of the cat- ence of heavy hydrocarbon wax product and the potential
alyst. Using decane as a representative hydrocarbon producbuildup of inert carbon on the catalyst support.
of the hydrocarbon synthesis process, methane conversionto Of the different forms of carbonaceous species potentially
liquid hydrocarbons via autothermal reforming and FT syn- capable of reducing catalyst activity in FT, two seem to be

thesis can be written as follows: harmless:
10CHy + 4.50; + H20 — 10CO+ 21Hy, 1) e A surface science study of CO and €Bydrogenation
10CO+ 21Hy — CigH22 + 10H,0. 2) by cobalt shows that carbon deeply penetrates into

) o i the bulk metal [10]. This dissolved carbon is readily
While cobalt-catalyzed FT synthesis is advantageousin car-  hyqgrogenated forming methane and-CBydrocarbon.
bon utilization as compared to processes using iron, cobalt , pOE researchers tested the hypothesis that pore plug-

is more expensive necessitating longer catalyst life [1]. Cat- ging by the heavy wax product leads to deactivation.

alyst stability therefore is an important performance variable They found that toluene extraction did not restore cat-

in cobalt-catalyzed FT processes. o _ alyst activity and thus rejected the possibility of deacti-
Cobalt catalysts seem to undergo various intrinsic deacti- vation by pore blockage [2].

vation processes during FT synthesis. Thus, for example, re-
fractory carbon buildup on the active metal surface was pro- Despite these recent results, the formation of other, more
refractory surface-blocking carbon cannot be excluded.
* Corresponding author. Water is known to affect the kinetics and selectivity
E-mail address: gabor.kiss@exxonmobil.com (G. Kiss). of cobalt-catalyzed FT synthesis [11-22]. More recently,
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water also emerged as an important intrinsic factor inducing calcined sample was 2629 g. Fifteen grams of the°4R0
multiple deactivation processes. One of these deactivationcalcined catalyst was vacuum-annealed at°@@or 1.5 h.
mechanisms is believed to involve surface oxidation of the After cooling, 13.65 g of catalyst was collected.

highly dispersed cobalt particles [11,12,23-31].

Hydrothermal conditions created by high CO conver- 2.2. Catalyst testing
sion in hydrocarbon synthesis at elevated total pressures ap-
parently facilitate reactions between some oxide supports Catalyst tests were performed in a down-flow fixed bed or
and cobalt. Alumina-supported cobalt catalysts, for example, in a continuous-flow slurry autoclave reactor. The 0.5-inch
form difficult to reduce cobalt—alumina mixed oxide at CO 0.d,/0.43-inch i.d. stainless-steel reactor body of the fixed
conversion levels that generate several bars of steam presbed reactor had a 0.125-inch o.d. thermocouple well in the
sure [12,23,24,26,32]. Recent studies [25,33] indicate thatcenter. The thermocouple well housed eight thermocouples
ZrO, coating reduces the interaction between cobalt and 1.5-inches apart. The eight thermocouples of the reactor
alumina, affording higher stable activity at commercially were calibrated and certified by the vendor. The volume of
relevant pressures and conversions. It is also well known the catalyst plus diluent bed positioned between the top and
that unmodified Si@ supports are hydrothermally unstable bottom thermocouples was 23 mL. The reactor vessel was
[34—44]. A number of publications [34—41] describe cobalt sleeved in a 2.5-inch-diameter aluminum or brass cylindrical
silicate formation and support restructuring during catalyst block to provide better heat distribution. Feed gas was fed to
preparation. Zr@, TiO», and Th@ maodification of SiQ the catalyst bed through a 0.125-inch preheat tube housed in
supports affords increased cobalt reducibility and higher FT the brass or aluminum block to the feed introduction point at
activity [40,41] possibly by preventing mixed oxide forma- the top of the reactor. The reactor was heated by an infrared
tion. More recently, deactivation in hydrocarbon synthesis furnace and by a resistive auxiliary heater installed at the
due to cobalt silicate formation and support sintering was bottom of the brass (or aluminum) block. The latter was
also invoked [42—44]. It seems that both mixed oxide forma- installed to ensure isothermal bed conditions. The catalyst
tion and support sintering are more pronounced with highly bed was held in place by stainless-steel filter discs both on
dispersed phases of cobalt and/or silica [38,42]. the bottom and the top.

Earlier studies on the hydrothermal deactivation of silica- ~ The temperature of the reactor was controlled from the
supported cobalt catalysts in FT synthesis used temperaturefirst and last thermocouples of the reactor bed. The bed tem-
programmed reduction (TPR) to detect the formation of a peratures at those two points therefore were always fixed at
more difficult to reduce phase [43,44]. These postrun TPR @ given set value. The temperature of the internal bed zone
results are compelling but cannot tell how much of the (i.e., between the first and last thermocouples) was within
deactivation observed in the catalytic run is caused by the 1 K of the set value in blank runs, i.e., without heat release
formation of the cobalt phase reduced at higher temperaturesrom a reaction. In order to reduce the temperature spread
nor can they reveal the chemical nature of these phases. Byin the catalyst bed during kinetic experiments, the catalyst
the combination of catalytic tests and electron microscopy was diluted with similarly sized quartz sand at a quartz-to-
methods, we now offer direct evidence for the formation catalyst volume ratio of approx 8:1. The axial temperature
of a cobalt-silica mixed oxide phase. We also discuss thespread in the catalyst bed under the Fischer—Tropsch con-
effect of synthesis conditions and show that the deactivation- dition was typically 3 to 10 K. The average temperature of
causing mixed oxide can be re-reduced intblcobalt metal the catalyst bed was calculated as a weighted average. The

and silica allowing the regeneration of the catalyst. weighting factor for the first and last thermocouple zones
(entrance and exit points) was set to one-half of that of the

internal thermocouple zones.
2. Experimental Feed components were individually fed through Brooks
mass-flow controllers. Chemically pure (CP grade) CO and
Ar were purchased from MG Industries or BOC Gases. H
(99.995% purity, @ < 1 ppm) was fed from a central house

A solution of 5741 g of Co(N@) - 6H,0 (Aldrich), supply. All three gases were purified with MG Industries’

. .. Oxisorb HP filters providing @and RO levels below 0.1
1224 g of ethylene glycol (Aldrich), and 208 g of perrhenic :
acidt (72.1%, Sandvik Rhenium Alloys) was prepared by and 0.5 ppm, respectively. The CO was passed through

heating the wet solid to 40C. This solution was blended to f\ll 183?1(:1::;‘2 fiflledeith cu granLllle_?hfrom Aldrich r(}Ca.t.
a thin paste with 1000 g of EH-5 fumed silica (Cabot) in a 0. 31,140-5) for Fe(C@)removal. The mixed synthesis

Hobart mixer. The paste was calcined in air at 4Q0for gas fegd containir_lg CO,#iand Ar (internql standard) in
1 h. The calcined catalyst was milled for 1 h to convert the the ratio of approximately 65:31:4, respectively, was further

f cak . . purified with a ZnO-A}O3—CaO bed (Strem Chemicals,
soft cakes of catalyst to powder. The yield of the 400 Cat. No. 30-2700) kept at 20@ for H,S removal. A dual-

stage ISCO pump provided optional cofeeding of water (N
1 Rhenium was used as a reduction promoter and dispersion aid [26,49]. purged, HPLC grade).

2.1. Catalyst preparation
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Mass balances were taken every 2 h. They were based ommeactor and then transferred after reduction under inert
feed flow rates from Brooks mass-flow controllers and feed blanket into the autoclave. The vapor reaction products were
and effluent gas analyses by a custom-modified (Wasson-removed overhead with the unreacted feed, while the liquid
ECE Instrumentation, Inc., Fort Collins, CO) HP 5890 gas products were removed via a 2-um internal stainless-steel
chromatograph (GC). All flows were referenced against an filter (Alltech, No. 9402). The typical catalyst charge was 5—
argon internal standard. The mass-flow controllers were 10 g. The start-up liquid was 450-500 mL molten Fischer—
calibrated in house. The GC'’s were calibrated periodically Tropsch wax generated in previous runs. Unit control,
using certified calibration master blends (Air Products). experimental conditions, and mass balance protocols were
Releasing the reactor pressure to ambient through an oil-identical to the ones described above for the fixed-bed
filled bubbler provided constant-volume gas sampling for experiments. All sample preparations and transfers were
the GC. The results were not corrected for the changes incarried out under P or Ar using standard inert handling
the atmospheric pressure. The constant-pressure samplingechniques. Spent catalysts were solvent-extracted inside a
allowed independent GC calibration and analysis for each nitrogen-filled glove box using anhydroustoluene or heptane
component. Feed mass balances by the GC were typicallypacked under nitrogen (Aldrich).

100 £+ 5%. Deviations between the feed concentrations Catalytic activity was calculated by using a proprietary
calculated from the mass-flow controller values and the kinetic model. The kinetic model allowed us to compare
ones measured by GC were typically less than 10%. The catalytic activities under different conditions. The reported
GC calibration was checked and corrected whenever thecatalytic activities are relative values referenced to the
deviation for the individual components and/or the feed measured initial activity obtained in the same test. The
balance fell outside the above ranges. kinetic data described in the paper were obtained in three

The unit was controlled by a Siemens/Texas Instrumentsruns: fixed-bed runs 1 and 2 (FBR1 and FBR2) and an
programmable logic control computer (PLC). Process data autoclave run. In order to aid discussion, different segments
were acquired automatically by a desktop personal computerof the fixed bed runs are designated by a segment number
(PC) via the PLC. The same PC also served as a PLCreflecting chronological order. Thus, for example, FBR1_S1
supervisor by downloading experimental protocols defined represent data obtained in the first segment of fixed-bed
as pressure and temperature set values, ramp rates, andin 1.
hold times. Another function of the supervisor PC was data
acquisition from the GC using CHROM PERFECT software 2.3. Transmission electron microscopy (TEM) and particle
(Justice Innovations, Mountain View, CA). The process and size measurements
GC data were automatically merged into EXCEL workbooks
by an EXCEL macro. Free-flowing reduced catalyst powders were preparedin a

In a typical fixed-bed experiment, 1.5-3 g of catalyst nitrogen-filled glove box for characterization in the TEM by
was diluted with quartz to 23-mL volume and charged placing~ 0.01 g of powder into an agate mortar and pestle.
into the reactor. The catalyst then was reduced in a flow The powder was crushed into fine bits {00 nm thick). The
of Hy (450-475 standard mimin) at 1.2 MPa by raising  fines were dusted onto a standard, 200 mesh, holey-carbon-
the temperature to 400-42G at a rate of 2C/min and coated TEM grid. The grid was inertly transferred into either
holding the final temperature for 8 h. The catalyst was then a Philips CM12 TEM or a Philips CM200 TEM/STEM by
cooled to 140-160C in flowing Hp, put under 2 MPa of  using a nitrogen-purged glove bag attached to the TEM.
syngas (H/CO =~ 2.1) pressure, and, finally, brought up Samples were examined in the bright-field imaging mode at
to synthesis temperature (200-22) at a 1°C/min ramp an accelerating voltage of either 120 or 200 kV, respectively.
rate. Images were collected from random areas within the

At the end of each kinetic run, the wax was removed reduced samples at “on screen” magnifications Q9868x
by hydrogenolysis in flowing b (400 standard mtmin) in the Philips CM12 and 5800x in the Philips CM200.
at 400°C and 1.2 MPa H pressure. The reactor body was In all cases, the data were collected as digital images
disconnected and sealed under argon and the free-flowingvia a Gatan CCD system using v.2.5 of Gatan’s Digital
catalyst bed was discharged inside a nitrogen-purged gloveMicrograph program. Digital images were collected from
box. Catalyst samples were separated from the diluent using~ 20 randomly selected areas for the fresh catalyst and
a rare-earth magnet in the glove box and were inertly trans- ~ 80 randomly selected areas for the spent samples. The Co
ferred for subsequent characterization by TEM. Inert treat- metal particles were visually identified in each image, and a
ment of the spent catalyst samples prevented uncontrollediine drawing tool (available within Digital Micrograph) was
oxidation during discharge and allowed meaningful postrun used to manually mark the diameter of each metal particle.
catalyst characterization. The measured diameter for each particle was automatically

The 1 L Parr autoclave was heated in a circulated hot- collected within the Digital Micrograph program.
air oven. The temperature of both the slurry and the gas The TEM analysis of the spent catalyst from one of the
phase was monitored by thermocouples mounted throughfixed-bed runs (FBR2_S3) showed a new phase with needle
the reactor head. The catalyst was reduced in a fixed bedmorphology. To determine whether or not the formation of
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this needle-like phase was reversible, the catalyst on thewas transferred into a Philips CM200F TEM/STEM and the
TEM grid was hydrogen-treated using a specially designed sample was analyzed using EDS in a manner similar to the
reactor assembly described elsewhere [45]. Thus, a portionspent reactor sample.
of the spent, air-passivated catalyst was crushed into a fine
powder using an agate mortar and pestle. The fines were, . . ,
dusted onto a 200-mesh, holey-carbon-coated Mo grid andzr']5' X-ray @ﬁragﬂon (|XRD) _Is_téii% and
transferred into a Philips CM12 TEM. Areas of the catalyst thermogravimetric analyses ( )
were imaged and mapped (i.e., certain specific features
and their locations identified) for subsequent reexamination. Magnetically separated spent catalyst samples were an-
The catalyst was removed from the TEM and placed into alyzed by XRD and TGA. The XRD analysis was per-
the microscopy reactor where it was reduced by heating formed using a Rigaku D-Max diffractometer using mono-
in flowing Hz (20 mL/min) at a rate of 4C/min from chromatic Cu-K, radiation. TGA data were collected on
ambient temperature to 42C and holding at 420C for a Mettler TA850 thermal analyzer interfaced to an Allen—
12 h. The grid was subsequently transferred under inertBradley PLC for automated gas switching. The PLC per-
conditions back into a Philips CM12 TEM. The areas mijtted an automated inert purge between reductive and ox-
that were previously imaged and mapped prior to the re- jgative atmospheres during a single experiment. Background
reduction were imaged again and a particle size analysis Wasns were carried out for each experiment on an empty cru-
conducted on the re-reduced sample. cible to allow correction for buoyancy and other system er-

] . . rors. The spent catalyst sampte 70 mg) was first dried in
2.4. Energy-dispersive spectrometry (EDS) of Co-Re/SO; Ar at 120°C for 2 h. It then was reduced in 100% Mhile
catalyst samples heating at a rate of 4C/min to 500°C and held for 1 h.

The sample was then cooled to &5 and passivated first in

The neeplle-like phase. in the spent.catalylst sample was in'a 1% air/inert stream then in 100% air. After passivation, the
vestigated in the TEM using energy dispersive spectroscopy.sample was heated at a rate 6fGy/min to 500°C in 100%

;I;]he sptehnt dcéj_%t')oé Wss pr?pei;]ed;(érlv?nalysus fol||_c|)wmg air (no hold) and then cooled to ambient temperature. Based
€ method described above for the Samples. HOWEVer, , , experiments with fresh catalyst samples, such°&08ir

e oaton i g Eaments corert ll metalic coba o G, whch i
9 9 also the original state of cobalt in the fresh catalyst. After

cap. The air-passivated sample was transferred into a Philip L .
CM200F TEM/STEM where it was examined at an acceler—sba.Ck'ox'dat'on’ the sample was reduced for the second time,
using the reduction conditions applied first. The TGA of a

ating voltage of 200 kV. The electron beam was condensed . .
fresh catalyst sample was also carried out applying the above

to form a small probe. The probe was placed onto portions . o : .
of the needle-like phase that appeared to be well separatecfe‘juCt'0n_ox'd""t'on_reduc“On (ROR) sequence to provide a

from the cobalt particles and the support. Spectral data wereCOMparison with the spent catalyst. All TGA measurements
collected using a Princeton Gamma Tech Energy Dispersive'Vere carried outat 1 atm total pressure.
Spectrometry system using the IMIX software package.

A steamed Co—RSiIO, sample was prepared by the fol-
lowing procedure: 1.2 mL of fresh catalyst was first reduced 3. Results and discussion
in flowing Hy (74 standard mjmin) at 400°C (heating rate
from ambient temperature to 49Q of 1°C/min) and 1 bar . .
for 8 h. The catalyst was cooled back to ambient tempera- _ Amorphous SiQ is a frequently used support in cobalt
ture in flowing H by turning off the furnace. At room tem- F|sch'er—Tropsc'h Ca'FE.ﬂySt formulations [41]. Howevgr, as
perature, the reactor was first purged with Ar (100 standard Mentioned earlier, silica-supported cobalt catalysts in hy-
mL/min) for 30 min and then was pressurized with Ar to drocarbon synthesis have some hydrothermgl stability is-
20 bar. After reaching 20 bar pressure, the reactor was heate@ues [42—-44]. Indeed, we found that fumed silica-supported
up to 220°C at 1°C/min under flowing Ar. After reach- cobalt catalysts deactivated at high $0%) CO conversions
ing 220°C, 0.07 mL/min water was fed in 100 standard forming a needle-like crystalline cobalt—silica mixed oxide
mL,/min Ar via a vaporizer into the reactor for 16 h. After Phase. The section below on the catalytic tests describes how
16 h, the water Co-feeding was Stopped and the reactor Wagjeactivation was induced by increasing CO conversion or by
purged with Ar for 1 h. The steamed sample then was cooled cofeeding water. It also details the activity changes due to
in flowing Ar and discharged in a glove box. An aliquot of hydrogen treatments applied after deactivating the catalyst
the steamed sample was air-passivated as described abovet high CO conversion. The second part of the discussion
for the spent catalyst sample. This air-passivated steamedsummarizes the results on the ex situ TEM, EDS, and TGA
Co-Re'SiO, was prepared for TEM/EDS analysis by crush- studies that identified the mixed oxide phase, determined its
ing it into fine bits using an agate mortar and pestle. The fines composition, and proved its decomposition at the reductive
were dusted onto a standard, 200-mesh copper grid. The gridcegeneration conditions applied in the catalytic tests.
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Table 1

Characterization results for the 490-calcined and 700C vacuum-
annealed catalyst samples

400°C calcined 700C vacuum

annealed
C? (Wt%) 44.03 46.69
R (Wt%) 3.94 4.41
Co304 diameter by XRD (nm) 10.8 16.8
Surface arda(m?/g) 144 69
Pore volum& (mL/g) 0.541 0.548
O, titration (Gatom o/ Yatom Co 0.624 0.295

a By Galbraith.
b By nitrogen porosimetry (Omnisorb).

3.1. Catalytic testswith Co—Re/SO;

The 700°C vacuum annealing sintered both the cobalt
particles and the support of the Co-f&0, sample sub-
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Fischer-Tropsch synthesis [1,12,28,31]. This initial activity
loss could be caused by several factors, most notably by ox-
idation of the least stable segment of the cobalt particle pop-
ulation or by surface oxidation [11,12,23-31]. It is worth
mentioning that while Re does not affect Co site activity
[27-29], the presence of Re likely increases the size of the
oxidative activity loss due to the higher dispersion of Re-
promoted cobalt catalysts [26—28]. As Holmen et al. pointed
out [26], the direct involvement of Re cannot be excluded
either.

In another experiment (FBR2_S1), the catalyst was ex-
posed to high CO conversion (most of the tim®0%) con-
ditions for a total of 2 weeks. Fig. 2 demonstrates that in
this operation regime, catalytic activity rapidly declined and
lined out at lower levels whenever conversion was increased
by reducing space velocity. In this regard, the Co/H6,
catalyst behaved similarly to the alumina-supported catalysts

stantially (see third and last entries in Table 1). The cat- tested by Holmen’s group [12,28,31], although, as will be
alytic tests were performed with the vacuum-annealed cat- discussed later, the underlying reasons could be different.

alyst typically at 220C and 2 MPa total pressure with sto-
ichiometric syngas feeds #CO ~ 2.1:1; 4-6% Ar inter-

After spending nearly 2 weeks under high CO conversion
conditions, the relative activity declined from a value of

nal standard) in a fixed bed reactor (cf. Experimental). As 0.86 to 0.36, reflecting a 50% activity loss during that
shown in Fig. 1, the catalyst demonstrated stable activity at period. Fixed bed reference tests at moderate conversion
moderate (50-55%) CO conversion levels. We observed thatlevels demonstrated significantly higher stability with only

fresh and regenerated Co—f%O, catalyst samples typi-
cally lost 15-20% of their initial activity in fixed bed runs

moderate activity loss (see, for example, Fig. 1). The
rapid activity decline, therefore, can be correlated with the

during the first few days under synthesis conditions. Data exposure to high CO conversion levels.

from that “deedging” period are not included in Fig. 1. Sim-

It has been suggested that the activity loss observed

ilar initial activity loss is often observed in cobalt-catalyzed during high CO conversion or water cofeeding with alumina-
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Fig. 2. Deactivation of Co—R&IO, at high CO conversion with stoichiometric feedyBO ~ 2.1:1) and the response of the deactivated catalyst to hydrogen
treatment at Fischer—Tropsch synthesis temperature.

supported catalysts is due to active site loss caused by adeactivation caused by high CO conversion exposure was
combination of water-induced oxidation of cobalt and cobalt not due to the readily reversible cobalt oxidation. Indeed,
aluminate formation [12,23-31]. More recently, Bertole as will be discussed later (vide infra), the rapid deactivation
et al. [11] found that unlike in the case of alumina-sup- observed at high CO conversionwas caused by the formation
ported cobalt catalysts, the primary reason for water-inducedof a more refractory form of oxidized cobalt generated by
activity loss with unsupported Co is reduced site activity. cobalt—silica interaction.

The site activity loss reported in the later study was reversed  The close correlation between increased steam pressure
by a 2-h hydrogen treatment at 230 and 2 MPa. Recent  and deactivation was confirmed by water cofeeding exper-
patent literature suggests that water-induced back-oxidationjments. For example, in one of our fixed bed experiments
of cobalt supported on alumina [46] and Z@odified  (EBR1_S2 shown in Fig. 3) we applied our standard syn-
silica [47] can be largely reversed and catalytic activity thesis conditions (220C, 2 MPa hH/CO pressure) except
can be recovered by hydrogen treatment at or close 1044t the total pressure was first raised from 2 to 2.5 MPa by
the temperature and pressure of the hydrocarbon Synthes'scofeeding an additional 0.5 MPa Ar. As expected, the intro-

Earlier publicatio;sbgene_lr;lllz i(;nply th?t thte deta%tivation tduction of the extra Ar did not effect CO conversion and cat-
process reversed by mi ydrogen ftreatment does no alytic activity3 After establishing the baseline CO conver-
involve metal-support interaction but rather entails cobalt _. -
: . L sion (moderate levek 70%) and activity at 2.5 MPa total

redox transformations with no support participation [11,12, . .

. . pressure, the 0.5 MPa Ar cofeed was intermittently replaced
23-31]. We have carried out related studies, the results of .
which support this assessmént, by ~ 0.5 MPa steam in the feed between Day 10 and Day 17

on CO. As depicted in Fig. 3, steam cofeeding at 50-70%

In order to estimate the fraction of the total activity o ion led ” st d s h
loss caused by the above-discussed reversible cobalt redox’® onversion led to rapid catalyst deactivation that was
also verified by returning to standard conditions at Day 17

process, a 10-h hydrogen treatment at 22%and 2 MPa > ; &
was carried out at Day 18 in FBR2_S1. As shown in Fig. 2, USing 2 MPa undiluted b CO feed:
this treatment recovered only a small fraction of the total
activity loss, suggesting that in our study the bulk of the

3 FBR1_S2 shown in Fig. 3 is a continuation of FBR1_S1 in Fig. 1.

4 During steam cofeeding the CO conversion reversibly increased (see
Fig. 3). For a detailed discussion of this well-known kinetic phenomenon in
Co-catalyzed Fischer—Tropsch synthesis see [50,51].

2A manuscript on the later study will be submitted for publication
shortly.
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Fig. 3. Deactivation of Co—R&IO, during water cofeeding, and the response of the deactivated catalyst to hydrogen treatment at Fischer—Tropsch synthesis
temperature.

After water cofeeding, the deactivated catalyst was hydro- relative activity level of~ 0.4. At Day 46 under synthesis
gen-treated under the same conditions (10 h, 2 MPatH  conditions, the space velocity was increased to the original
225°C) as applied in the earlier-described high CO con- value used before Day 32. Just as indicated by the model-
version test, FBR2_S1 (cf. Fig. 2). Just as after exposurederived relative activity values obtained at high conversion,
to high CO conversion, this hydrogen treatment recovered a comparison of CO conversions at two-thirds of the origi-
only a small fraction of the total activity loss (see activity nal space velocity also showed substantial catalyst deactiva-
changes after the hydrogen treatment at Day 19 in Fig. 3).tion. At Day 48, the catalyst was treated for 8 h at 420
The similarities in the conditions causing deactivation and in 1.2 MPa flowing H. After this treatment, catalytic activ-
the responses to hydrogen treatment suggest that the deadty returned close to the fresh lined-out value measured at
tivation processes observed at high CO conversion and dur-the beginning of this run segment at Day 32. The nature of
ing water cofeeding are the same. Further evidence for thethe transformation reversing the deactivation caused by hy-
common hydrothermal nature of the above-described deac-drothermal conditions at high CO conversion or during water
tivation process will also be provided later by comparing the cofeeding will be discussed in the next section in the context
morphology and composition of the phases formed at high of our postrun characterization results.

CO conversion in FT synthesis and during catalyst steaming  In another experiment (FBR2_S3), the regenerated cata-
(vide infra). lyst was subjected te 90% conversion at a higher, 3.5 MPa,

Although hydrogen treatment at 226 did not regener-  total pressure. The catalyst deactivated further (to a rela-
ate catalytic activity after exposure to high CO conversion tive activity of 0.23) and faster (in 6 days) than at 2.0 MPa
or water cofeeding, hydrogen treatment of similarly deacti- (cf. Fig. 4). At higher total pressures, the partial pressure
vated catalyst samples at 420 recovered all but a small  of steam is higher at the same conversion. Therefore, the in-
fraction of the lost catalytic activity. Fig. 4 shows the re- creased deactivation at increased total pressure is most likely
sults from one of these experiments, FBR2_S2. The base-due to this increased steam partial pressure.
line activity of the regenerated catalyst was first established We should point out that bulk-phase interparticle con-
at lower than 90% CO conversion levels during the first week densed water was not present in any of the experiments
of the experiment. After this first week on synthesis, the con- reported in this study. The calculated steam pressure at
version was increased te 90% by reducing space veloc- 3.5 MPa total pressure and 95% CO conversion with stoi-
ity. As shown before, the catalyst deactivated substantially chiometric feed, for example, is 1.0 MPa. This value is
under these conditions showing signs of stabilization at a less than half of the steam saturation pressure (2.32 MPa) at
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Fig. 4. Deactivation of Co—R&iO, during high CO conversion with stoichiometric feedx(BO ~ 2.1:1) and the response of the deactivated catalyst to
hydrogen treatment at 42C.

the reaction temperature, 220 [48]. However, we have no
information on the conditions leading to intraparticle pore
condensation of water, which therefore cannot be excluded
in our experiments.

3.2. Ex situ studies of mixed oxide formation and
regeneration

In order to gain a better understanding of the deactivation
process observed in the catalytic tests, we performed TEM
and EDS characterization of fresh, spent, and steamed
fresh samples. First, an aliquot of the crushed fresh°@00
vacuum-annealed Co—R8iO, sample was dusted onto a
TEM grid and was reduced in flowing Hat 425°C and
ambient pressure for 4 h. After reduction, the sample was
analyzed by TEM as described under Experimental section.
The TEM image of the fresh catalyst (Fig. 5) reveals dense
cobalt particle decoration of the silica support owing to
the relatively low average cobalt particle size (see particle "50_00 i)
size distribution in Fig. 6) and high cobalt loading. Note
the .ummoqal . pamde. Size dIStrlbu.tlon’ W.hICh will bear Fig. 5. TEM image of the fresh reduced 700 vacuum-annealed Co—Re
particular significance in the comparisons with spent catalyst SiOy.
samples.

The spent catalyst sample from the 3.5 MPa catalytic run,

FBR2_S3, was hydrogen-treated at the end of the test in thelyst (cf. Fig. 5), the spent catalyst contained a new needle-
reactor for 1 h at 400C and 1.2 MPa to remove the wax like phase (see Fig. 7) and cobalt particles with noticeably
from the catalyst bed. The free-flowing mixture of catalyst larger average particle size (compare Figs. 6 and 8). We
and quartz diluent was discharged in g&plurged glove box.  should mention here that in our experience, the 4Dby-

The catalyst was then magnetically separated from the dilu- drogen treatment applied before the catalyst discharge fully
ent and analyzed by TEM. As opposed to the fresh cata- re-reduces oxidized cobalt in spent catalysts when the nee-
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Fig. 6. Cobalt particle size distribution of the fresh reduced “®&acu- Fig. 8. Cobalt particle size distribution in the spent Co/&6, sample
um-annealed Co-R&i0,. from the 3.5 MPa high CO conversion run.

fringe spacing. The fact that the steamed fresh and spent
samples have the same needle phase supports our proposal
and earlier reports [42—44] that unmodified high surface area
silica-supported cobalt catalysts deactivate at the hydrother-
mal conditions of high-conversion FT synthesis by forming
cobalt-silica mixed oxides. It should also be noted that the
agent inducing mixed oxide formation is water, and that no
other Fischer—Tropsch feed or product component needs to
be involved to explain the transformation.

We also attempted the identification of the needle phase in
the spent and steamed catalysts by using XRD. As depicted
in Fig. 10, there are several unidentified broad peaks in
the XRD pattern of the steamed sample that do not belong
to cobalt metal, oxide, or hydroxide (e.g., peaks &t &f
approximately 42, 47, and 8° We assign these peaks
to the mixed oxide phase observed as needles in the spent
and steamed catalysts. Interestingly, none of the cobalt
silicate diffraction patterns in our XRD database fit them.

50.00 nm Apparently, the needles represent a new cobalt-silica mixed
oxide phase.
Fig. 7. TEM image of the spent Co—R&i0, sample from the 3.5 MPa high Since XRD analysis did not provide compositional infor-
CO conversion run. mation, we used energy-dispersive spectrometry to charac-

terize the microscopic needles in the spent FBR2_S3 and

dle phase is not present. However, this hydrogen treatmentin the separately prepared steamed fresh samples. Multi-
apparently is not sufficient to decompose the needle phasePle sampling of several needle crystals in the spent catalyst
seen in Fig. 5. proved that the new crystalline phase is a well-defined com-
Since the catalytic tests strongly suggested a water- pound: the EDS spectra of all crystal particles are identical

induced transformation of the active cobalt, a reduced sam-(see the three overlapping spectra in Fig. 11). Also, the nee-
ple of the fresh catalyst was steam-treated (for the procedure dle phases in the spent and in the steamed fresh samples were
see Experimental) to see if a similar transformation could be found indistinguishable by EDS yielding the same/Sora-
induced by steam alone. Indeed, we found that the metallictio of 1.2:1.0 (see Fig. 12). This finding confirms that the
cobalt, clearly visible in the fresh reduced catalyst, mostly needle phase found in the deactivated catalyst formed in a
disappeared after steaming while copious amounts of a neehydrothermal process induced by steam.
dle phase formed. A comparison of the high-resolution TEM
images of the needles in the spent and steamed fresh catalyst— L o

. . The diffraction patterns of the spent and steamed samples are similar
samples suggests that the needle-like phases presentin the%?cept for the extra peaks due to the quartz diluent left in the spent sample

samples are morphologically similar (Se_e Fi_g- 9):_ the images after magnetic separation. For the sake of clarity, we show and discuss the
depict the same needle morphology with identical (1 nm) XRD features of the steamed rather than the spent catalyst.
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Fig. 10. Powder XRD pattern of the steamed Co/H6€, catalyst sample; unidentified peaks that likely belong to the needle phase marked by

Although Re and Co are intimately mixed in the fresh suspect that it is present as a highly dispersed oxide at the
catalyst, EDS spectra of the crystalline phase lack any location of the metal particle from which the mixed oxide
indication of Re. It seems, therefore, that Re does not crystal formed.
participate in the formation of the needle phase. Since The catalytic tests suggested that high-temperature hy-
we did not see any well-defined Re-containing new phase drogen treatment decomposes the cobalt—silica mixed oxide
in the spent or steamed samples, it is quite possible thatand regenerates the active metallic cobalt. Thus, after exam-
Re does not make a mixed oxide with silica under the ining the mixed oxide containing spent catalyst, the sample
conditions that Co does. If it does, the Re-silica mixed oxide on the TEM grid was re-reduced in the microscopy reac-
is highly dispersed or amorphous, thus invisible in the TEM tor (cf. Experimental) applying high-temperature reduction
images. Unfortunately, we do not have analytical data that conditions (12 h, 420C, 0.1 MPa H). After inertly trans-
could resolve the ultimate fate of the Re that was formerly ferring the sample back into the TEM, an area that was im-
associated with the cobalt forming the mixed oxide. We aged before re-reduction was mapped again to allow a direct
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comparison of the exact same microscopic features. The im- keV

ages in Fig. 13 demonstrate that the high-temperature hydro- o ) _
g. 12. EDS spectrum of the cobalt—silica mixed oxide phase (needles) in

-l
ge” tr_eatmem dgcomposgd r,nOSt of the, needle phase. Thlﬁe spent Co-RSIO, sample from the 3.5 MPa high CO conversion run
ties directly in with our kinetic observations in FBR2_S2 (rgr2_s3) and in the steamed fresh Co/8i&; catalyst. (The Mo signal
(cf. Fig. 4): high-temperature reductive regeneration restorescomes from the TEM grid supporting the steamed fresh sample.)
the active cobalt metal. Noticeably, the re-reduced sample
displays not only the large cobalt particles visible in the
spent catalyst, but a lot of small metallic cobalt particles as kinetic and TEM results discussed earlier, we assign this
well, while almost all the previously observed needles are high-temperature weight loss to the decomposition of the
missing. mixed oxide needle phase shown in Fig. 7.

The decomposition of the mixed oxide during high- It is expected that after the high-temperature regenera-
temperature hydrogen treatment was also examined bytion in the first hydrogen treatment, the high-temperature re-
TGA. The magnetically separated spent catalyst sample wasduction feature would disappear. In order to test this sce-
reduced by heating in atmospheric hydrogen to SD@nd nario, the reduced sample was first carefully back-oxidized
holding there for 1 h. The TG/DTG curves from the first to CoO4, Which is the initial state of the fresh calcined
reduction test (see Fig. 14) indicate the reduction of CoO sample, and then re-reduced the second time. Indeed, the
and Ca0Oq4, both below 400C. They also reveal a slow TG/DTG curves of this second reduction cycle lack the
third reduction step that starts above 4@0 Based on the  weight loss observed above 480 during the first reduction

Spent FBR2_S3 Re-reduced spent FBR2_S3

Fig. 13. TEM images of the same area of the spent CpSR® sample from the 3.5 MPa high CO conversion run (SBR2_S3) before (left) and after (right)
hydrogen treatment at 42C€. Compare areas in white circles showing the disappearance of needles after hydrogen treatment.
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Fig. 15. Thermogravimetric analyses of the fresh and spent G(&iReg catalyst. Weight losses in the third and second reduction cycle, respectively.

(see Fig. 14f. As expected, the high-temperature weight providing further indirect evidence for the presence and re-
loss is also absent in the TG/DTG trace of the fresh cata- ducibility of the mixed oxide phase.
lyst (see Fig. 15Y.Clearly, only the spent catalyst contain- The role of Re in the decomposition of the silicate
ing the needle phase shows the high-temperature weight losphase during hydrogen treatment is not clear at the moment.
Further testing with reduced Re and Re-free catalysts is
underway to address this question. We suspect that Re
. - enhances cobalt recovery from the mixed oxide during
is due to the fact that the spent catalyst was not fully back-oxidized. . . .

7 The difference in total weight losses observed in Fig. 15 is due to hydrogen treatment by promoting reduction via hydrogen

the approximately 34 wt% quartz diluent left in the magnetically separated SPillover. In this regard, th_e StUdi_eS of Holmen and co-
spent catalyst sample. workers [26—28] are very instructive. They reported that

6 The difference in the total weight loss during the two reduction cycles
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Fig. 16. Cobalt particle size distribution in the spent Co/H&, sample
from the 3.5 MPa high CO conversion run after hydrogen treatment at
420°C.

Fig. 17. TEM image of the spent Co—R&O, sample from an autoclave
Fischer—Tropsch run carried out at moderate80%) CO conversion with

. ) . stoichiometric feed (tCO =~ 2.1:1) at 2 MPa and 22%C.
the cobalt aluminate phase formed during Fischer—Tropsch

synthesis in Co—R&\l,03 catalysts decomposed at lower 200 P
temperatures than it did in Co only on alumina samples. i
In this regard, the role of Re is similar to its reduction- 3 ]
promoting effect during the activation of fresh Co—-Re 150
catalysts despite of the lack of intimate mixing with cobalt.
Interestingly, the cobalt particle size analysis of the re- £ 100 E B L
generated spent catalyst reveals a bimodal particle size dis<3 -
tribution in the re-reduced spent sample (see Fig. 16). Ap-
parently, the total particle population has two subsets: one 50 L ! L.
that was visible as cobalt (metallic or partially oxidized) par- [
ticles in the spent catalyst sample before high-temperature
reduction and another one recovered from the mixed oxide 0 Lo ot bbbl b b it a0
needles (compare Figs. 8 and 16). This later cobalt particle 0 5 10 15 20 25 30 35 40
subset has significantly more but smaller particles than the Ridnionpin
former. High-temperature reduction therefore not only re- Fig. 18. Cobalt particle size distribution in the spent Cof&€, sample
covers active metal from the inactive mixed oxide but also from an autoclave Fischer—Tropsch run carried out at modeta88¢) CO
reduces the average particle size as compared to the spersonversion with stoichiometric feed gfCO~ 2.1:1) at 2 MPa and 220C.
catalyst. This dual effect can explain the large activity gain
after the high-temperature reduction. We should also point  Since the bimodal distribution is associated with mixed
out that the mixed oxide formation/re-reduction process can oxide formation, the particle size distribution of a spent
fully explain the deactivation/regeneration process observedcatalyst that was tested under conditions that prevented
in the kinetic tests without invoking deactivation by the often mixed oxide formation should stay close to unimodal.
suggested [2—9] carbon buildup and pore-plugging mecha-Figs. 17 and 18 demonstrate that scenario. They show the
nisms. TEM image and the particle size distribution of a spent Co—
The bimodal cobalt particle-size distribution could be the Re/SiO, sample that was tested in an autoclave at moderate
result of the interplay of several processes. Itis possible, for (< 80%) CO conversion levels. The TEM image in Fig. 17
example, that the mixed oxide needles preferentially form demonstrates the lack of the mixed oxide needle phase. As
from the small cobalt particles present in the fresh catalyst. If predicted, the histogram in Fig. 18 reveals a unimodal cobalt
during regeneration the original particle size is not preserved particle size distribution in this spent sample.
due to, for example, redispersion of the cobalt present in the
mixed oxide, bimodal particle size distribution can emerge.
Bimodal distribution can also be created if the larger cobalt 4. Summary
particles surviving during high conversion agglomerate. The
release of smaller particles of the original size (or smallerif ~ We found that silica-supported cobalt catalysts deactivate
redispersion occurred) during reductive regeneration could at high water partial pressures created by high CO conver-
again introduce bimodal distribution. sion or steam cofeeding in Fischer—Tropsch synthesis due
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to cobalt—silica mixed oxide formation. The tested fumed

silica-supported cobalt catalyst formed a needle-like crys-

talline cobalt-silica mixed oxide causing rapid deactivation
at high & 90%) CO conversion with stoichiometric feeds at
220°C and> 2 MPa total pressures.

The morphology and composition of the deactivation-
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