Journal of Catalysis 205, 346-353 (2002)

doi:10.1006/jcat.2001.3462, available online at http:/www.idealibrary.com on 1DE %

|.®

In Situ XRD Study of the Influence of Thermal Treatment
on the Characteristics and the Catalytic Properties
of Cobalt-Based Fischer—Tropsch Catalysts

Dan I. Enache,!? Bernadette Rebours, Magalie Roy-Auberger, and Renaud Revel

Institut Frangais du Pétrole, 1 & 4 Avenue Bois Préau, 92500 Rueil Malmaison, France

Received July 9, 2001; revised November 6, 2001; accepted November 6, 2001

In situ X-ray diffraction analysis was performed for several ther-
mal treatment protocols for zirconia- and alumina-supported cobalt
catalysts. Zirconia support was found to promote amorphous or
poorly crystalline hexagonal metallic cobalt. At the same time,
the direct reduction of nitrate precursor leads to weaker metal-
support interactions than in the case of calcined catalysts and in-
creases the quantity of amorphous or poorly crystalline hexago-
nal metallic cobalt, which are assumed to be the active phases in
the Fischer-Tropsch synthesis. The airflow calcination yields crys-
tallised Co304, which is more difficult to reduce. Moreover, re-
duction of crystallised Co304 promotes formation of cubic cobalt,
which is less active than hexagonal cobalt in Fischer-Tropsch
synthesis. (© 2002 Elsevier Science

Key Words: cobalt; zirconia; alumina; in situ XRD; reducibility;
Fischer-Tropsch synthesis.

1. INTRODUCTION

Cobalt-based catalysts are widely used in Fischer—
Tropsch synthesis (FTS). The goal of this reaction is to
form linear aliphatic hydrocarbons with a broad molecu-
lar weight distribution, typical of polymerisation processes
(1, 2). The catalyst preparation method and the pretreat-
ment conditions used for these catalysts are known to have
great influence on the surface states of cobalt and cobalt
oxide species formed, thus determining the catalytic prop-
erties. A number of studies have been reported concerning
the effect of pretreatment conditions on catalysts contain-
ing cobalt (3-7).

A few studies have focused on the effect of reduction
temperature on the performance of Co/Al, O3 catalysts (8-
10) or Ru-promoted Co/Al, O3 (4). Continuing research in
the same area, Iglesia (11) showed that the elimination of
the calcination step, by reducing nitrate precursors directly
in flowing hydrogen, led to an increase in Co dispersion.
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Moreover, the use of high hydrogen-flow rates and slow
temperature ramping protocols led to additional improve-
ments in cobalt dispersion, even for high Co concentration
(11).

Another factor that may influence activity and selectivity
in Fischer—Tropsch synthesis is the nature of the support
used. The role of the support is to disperse the active phase.
It must present good mechanical properties (resistance to
attrition) and good thermal stability. The types of support
generally used are oxides such as Al, O3, SiO;, and TiO, and
less frequently carriers such as MgO, coal, or polymers. In
this context, Reuel and Bartholomew showed the catalytic
activity of cobalt catalysts to be a function of the nature of
the support (12), decreasing in the order

Co/TiO; > Co/Al,O3 > Co/Si0; > 100% Co > Co/MgO.

Some authors claim that the surface of big metallic cobalt
particles is enriched in electrons. It also seems that the ad-
sorption of CO molecules is influenced by metallic cluster
size (13). Also, by increasing metal dispersion, production
of light hydrocarbons is favoured (14), and consequently,
decreasing the dispersion leads to an increase in the molec-
ular weight of reaction products (10, 12).

Iglesia et al. (15) claimed that for high conversions and
pressures over 5 bar, the influence of the support on the ac-
tivity for methane and hydrocarbons of greater chain length
than Cs, could be neglected. He found that Cs selectivity
is insensitive for cobalt dispersions between 0.5 and 9.5%.
Moreover, the reaction is insensitive to the dispersion and
the structure of cobalt. This is confirmed in further stud-
ies by Geerlings et al. (16) on Co monocrystals. Another
study (17) reveals that the hydrocarbon distribution result-
ing from the reaction is a function of metal reduction de-
gree, which is itself a function of the interaction between
cobalt and carrier and of cobalt crystal size.

Recent studies reveal a growing interest in catalysts sup-
ported on zirconia-coated alumina or silica (18-20), in pure
zirconia (21, 22), and in the influence of ZrO; as a promoter

in Fischer-Tropsch synthesis (18-20, 22).



XRD STUDY OF THERMAL TREATMENT ON FISCHER-TROPSCH CATALYSTS

In this study we describe the effect of the thermal treat-
ment of zirconia- and alumina-supported catalysts with re-
spect to activity, selectivity, and X-ray diffraction (XRD)
patterns.

2. EXPERIMENTAL

2.1. Catalyst Preparation

The supported cobalt catalysts used in this study were
prepared by incipient wetness impregnation of Co(II) ni-
trate. Both supports were first treated by calcination un-
der airflow at 500°C and had the following characteristics:
A1l was gamma Al,O3, SCCa-5/170 from Condea, with
a specific surface area of 173 m?/g and a pore volume of
0.49 cm®/g; and Z1 was monoclinic ZrO, from Mel Chem-
icals, with a specific surface area of 100 m?/g, and a pore
volume of 0.26 cm?/g.

The impregnated supports were dried at 120°C for 2 h.

The catalysts are referenced using the percentage and
name of the active phase (e.g., 10Co), followed by the name
of the support and a symbol relative to the treatment. These
symbols are as follows:

O, Air calcination—400°C (4 h, 10°C/min); Protocol 1.

N, Nitrogen calcination—400°C (4 h, 10°C/min); Proto-
col 2.

H, Direct hydrogen reduction of the nitrate precursor—
350°C (4 h, 5°C/min); Protocol 3.

H1, Direct hydrogen reduction of the nitrate precursor—
350°C (4 h, 5°C/min), cooled to room temperature under
hydrogen flow, then placed in contact with air; Protocol 4.

H2, Direct hydrogen reduction of the nitrate precursor—
350°C (4 h, 1°C/min); Protocol 5. For instance, a catalyst
named 10CoZ1-N contains 10% Co supported on zirconia
Z1 support and was calcined under nitrogen flow.

2.2. Temperature-Programmed Reduction (TPR)

The TPR experiments were performed with a 500-mg
sample of catalyst under a mixture of 10% H, in N, flow-
ing at 30 cm’/min, and the temperature was raised at a rate
of 5°C/min until it reached 970°C. A thermal conductivity
detector (TCD) was used to determine the hydrogen con-
sumption.

2.3. Oxygen Chemisorption Experiments

The oxygen chemisorption experiments were performed
in a pulse-flow apparatus after a 2-h reduction step at 350°C
in hydrogen flow, followed by a hydrogen ventilation step
(1 h at 350°C in argon flow), cooling to room temperature
in argon flow, and then oxygen pulse chemisorption.

2.4. Transmission Electronic Microscopy (TEM)

The TEM images were obtained using a JEOL 2010 appa-
ratus. The catalyst samples were ground and ultrasonically
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dispersed in ethanol. Drops of the suspension were taken
from different levels and air dried on a porous carbon film.

2.5. In Situ X-Ray Diffraction Study

A D501 Siemens powder diffractometer instrument with
monochromatic CuK« radiation was used for the XRD
measurements. The diagrams were scanned at 0.05°/step
size using a 5- to 20-s acquisition time per step. The “in situ”
sample holder was the XRK reactor cell commercialised by
ANTON PAAR. In this cell, the gas flow is forced through
the sample (=0.2 g) packed on a sintered glass sieve and
placed in the centre of an oven. The gas flow (hydrogen,
nitrogen, etc) was fixed at 2 L/h and the heating rate at
5°C/min.

2.6. Catalytic Test

The catalytic test was carried out in a fixed-bed mi-
croreactor (0.4 g of catalyst diluted in 15 cm® of car-
borundum, in order to avoid the apparition of heat spots;
H,/CO=9; T = 230°C; 1.5 bar total pressure, total feed-
rate, 6.23 L/h). Product analysis was performed online with
a Varian 3800 GC, equipped with TCD and flame ionization
detector (FID) detection.

3. RESULTS AND DISCUSSION

3.1. TPRStudy of 10CoZ]1 Catalysts

Figure 1 shows the TPR diagrams of the 10CoZ1 cata-
lysts after calcination under air (O) or nitrogen (N) flow
at 400°C (for 4 h), or direct reduction of the Co(II) nitrate
under hydrogen flow at 350°C (4 h), then cooling at room
temperature and contact with atmospheric air (H1).

10C0Z1-0 presents four reduction peaks and the great-
est hydrogen consumption. We assume that all the cobalt
deposited in this case is under Co3O,4 form, because by
XRD we find only its pattern and because the Co, O3 species

= 10Co0Z1-O0
10CoZ1-N
—10CoZ1-H1

N

L T T T T T T/
100 200 300 400 500 600 700 800 900 1000
Temperature, °C

FIG.1. TPR diagram of 10CoZ1 catalyst after different treatments.
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is an unstable one. Moreover, we assume that all nitrogen
compounds (nitrates, nitrites) are decomposed on this cata-
lyst after air calcination at 400°C (5). This leads to a total
cobalt balance sheet of 100%. The ratio of the surfaces for
these peaks is about 1:12:20:67 It is generally assumed
that the reduction of Co3O4 proceeds in two steps (29-33):

CO304 + H2 — 3Co0O + Hzo,
3Co0O +3H; — 3Co + 3H,0.

It means that the first two peaks and about two-thirds of
the third peak are generated by Co3zO4 reduction to CoO.
The last third of the third peak and the fourth peak are at-
tributed to CoO reduction into metallic Co. In fact, in our
case, we assumed that Co;Oy4 reduces in three stages, which
indicates that we have three kinds of Co3O4 species. A re-
cent study (23) reveals that the reduction temperature of
Co30q is strongly influenced by the size of the particles. Par-
ticles with a size inferior to 53 A are totally reduced in metal-
lic cobalt for temperatures below 300°C. The cobalt, after
reduction at 300°C, coexists in three forms (metallic, CoO,
and Co30y,) if the initial Co3O4 particle size was 121 A.
The reduction peak at 420°C is ascribed to the reduction of
CoO in metallic cobalt. In conclusion, TPR diagrams sug-
gest that our samples contain Co3;Oy4 particles with a wide
range of sizes. The difference between TPR of the cata-
lysts supported on zirconia (four reduction peaks) and alu-
mina (two reduction peaks) is also linked to the inertness of
zirconia. Indeed, this zirconia support does not produce
cobalt zirconates (cobalt is reduced to metallic cobalt rather
than to strongly interacts with the ZrO; carrier), while
alumina produces cobalt aluminates at calcination tem-
peratures below those necessary to reduce entirely the
cobalt.

The hydrogen consumption for the 10CoZ1-N (Proto-
col 2) catalyst is 10% lower than for that of the 10CoZ1-O
catalyst, and we assume that the cobalt oxide is a mixture
of Co304 (mainly) and some CoO. In this case the first
two peaks are absent, and the last two peaks are slightly
shifted (10°C) to higher temperatures. The lack of the two
first peaks is caused by the thermal treatment. Indeed, the
most reducible species of CozOy (the first two peaks in the
10C0Z1-0 case) are reduced by the gas flow, because N is
a slight reducing agent. Further calcination at higher tem-
perature in nitrogen atmosphere will increase the quantity
of CoO.

The 10CoZ1-H1 catalyst hydrogen consumption is 37%
compared to the catalyst calcined under airflow. A single
peak forms the TPR diagram, with a maximum at 300°C, in-
dicating a stronger metal-support interaction (SMSI). This
phenomena is generated by the local increase in the tem-
perature caused by the violent and rapid oxidation of the
metallic cobalt particles when the reduced catalyst is put
in contact with the atmospheric air. This last thermal treat-
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TABLE 1
Cobalt Supported on Z1 Zirconia Reducible at 400°C

% Co reduced Total % Co reduced % Co reduced

Catalyst at T < 400°C (r.t. > 1000°C) at T > 400°C
10CoZ1-O 61 100 39
10CoZ1-N 41 90 49
10CoZ1-H 25 37 12

ment leads to a different reduction process in the TPR anal-
ysis. XRD diagrams suggest that after this treatment, Co
is in Co304 form. Nevertheless, some amount of metallic
cobalt must still be present in the bulk of the particles. The
size of bulk metallic cobalt particles must be small enough
to be invisible in the final XRD diagram. This metallic part
will allow reducing of all amounts of Co3;0O4 obtained by
reoxidation under 420°C. It is the principle of metallic ger-
mination, which would begin at the centre of the particles
and would diffuse to the borders (23).

The influence of thermal treatment on the reducibility
of the cobalt in this catalyst can be synthesised as follows.
The highest quantity of cobalt species which are reducible
under 400°C is observed after an airflow calcination. Cal-
cination under nitrogen leads to a lower Co3O4 quantity
but to a slightly higher reduction temperature. On air ex-
posure, the catalyst directly reduced at 350°C and cooled
under hydrogen shows an increase in temperature due to
sudden surface reoxidation. The quantity of oxide formed is
quite low, but its further reduction during TPR experiment
is more difficult, due to SMSI (strong metal-support inter-
action). Table 1 presents the evolution of cobalt supported
on Z1 zirconia reducible at 400°C.

3.2. Oxygen Chemisoption Results

The results of oxygen chemisorption with respect to ther-
mal treatment are shown in Table 2. We used a spherical
model to evaluate the size of the particles and we consid-
ered that the oxygen chemisorption yields surface Co3Os.
We considered a value of 6.62 x 1072° m? for each cobalt
atom (24).

TABLE 2

Chemisorption Results for the Catalysts Supported on Zirconia
and Alumina, Function of Thermal Treatment Supported by Cata-
lysts before the Oxygen Chemisorption Analysis

Thermal SCo exposed Particle
Catalysts treatment  Dispersion (m?/g) diameter (A)
10Co/Z1-O Protocol 1 7.5% 55 124
10Co/Z1-N Protocol 2 7.7% 56 120
10Co/Z1-H Protocol 3 7.8% 56 120
10Co/Z1-H1  Protocol 4 6.5% 47 143
10Co/A1-N Protocol 2 0.7% 53 1280
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The results show no influence of thermal treatment on
the particle diameter size of cobalt supported on the same
oxide, except for the reduced catalyst reoxided by contact
with atmospheric air (10Co/Z1-H1). This treatment leads
to an increase in particle size, from about 120 to 145 A.
All other thermal treatment (air calcination, nitrogen cal-
cination, or direct hydrogen reduction without air contact)
leads to a similar dispersion and cobalt accessible surface.

3.3. TEM Characterisation of 10CoZ1 Catalysts

The TEM images (Fig. 2) obtained after different thermal
treatment agreed with the oxygen chemisorption results for
the catalysts supported on the Z1 the zirconia carrier. The
Co30y4 particle sizes, as measured by this technique, are
comprised in the range 50-500 A, which confirms the sug-
gestion given by the TPR analysis that we have a wide dis-
tribution of Co30y4 particle sizes. The most frequent Co3;O4
crystal size is 100 A for the catalysts obtained by airflow
and nitrogen-flow calcination (Protocols 1 and 2) and 150-
200 A for the sample 10CoZ1-H1 (Protocol 4). In this last
case, no metallic cobalt or CoO is observed, even when the
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hydrogen consumption is only 37% compared to the one
observed in the 10CoZ1-0 case (Protocol 1—airflow calci-
nation). This result suggests that Co3;O4 covers all the sur-
face of the active-phase particles (metallic cobalt obtained
during the reduction step and nonreoxided, becoming invis-
ible). Nevertheless, TPR experiment showed us that there
is some metallic cobalt in the CoZ1-H1 sample.

3.4. In Situ XRD Characterisation

10CoZ1 catalyst. Figure 3 shows the XRD pattern of
the 10CoZ1 catalysts reduced at 450°C, after subtraction of
the support contribution for different sample thermal treat-
ments. This temperature was chosen because no metallic Co
pattern is observed at reduction temperatures below 450°C
for air-calcined or nitrogen-calcined samples. Each diagram
is the average of 10 sets of data, each collected during 20 s
per step. This protocol ensures a good signal/noise ratio.

10CoZ1-H (direct reduction of the nitrate precursor)
exhibits more hexagonal Co and less cubic Co than the
10Co0Z1-0 (airflow calcination) sample. The nitrogen-flow
calcination leads to an intermediate situation similar to that

(@)

FIG.2. TEM images of the catalysts: (a) calcined in airflow (Protocol 1—10C0Z1-0); (b) calcined in nitrogen flow (Protocol 2—10CoZ1-N);
(c) direct reduction under hydrogen flow, return to room temperature, then air contact (Protocol 4—10CoZ1-H1).
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caused by airflow calcination. The cobalt diffraction line at
44.5° is less broadened in the 10CoZ1-H sample than in the
calcined samples. That means either that metallic particles
are bigger or that the metallic cobalt contains fewer struc-
tural defects. Anyway, in all cases a mixture of hexagonal
and cubic cobalt with structural imperfections forms the
metallic phase. The metallic cobalt diffraction line shape is
typical of a mixing of faulted hexagonal and cubic structures
(25-27). The hexagonal/cubic stacking fraction is variable
according to the treatment conditions of the sample.
Figure 4 presents the XRD diagrams of the 10CoZ1-H
(direct reduction of the nitrate precursor) at different re-
duction temperatures. Each diagram is the mean of three

(b)

FIG. 2—Continued

sets of data, each collected with a 0.05° step size and a
counting time of 5 s per step. After the subtraction of the
support contribution, the diagram was smoothed using a
five-average averaging protocol, in order to improve the sig-
nal/noise ratio. This operation did not displace the diffrac-
tion lines.

At 260°C we observe the presence of CozO4 (diffrac-
tion line at 37°), with CoO traces. The presence of Co3;0y4
is linked with the cobalt nitrate decomposition. Before
being totally reduced by the hydrogen flow, the NO,
evolved by the precursor decomposition is susceptible to
oxidised Co(II) oxide. When the reduction temperature is
increased to 300°C, the Co30O4 disappears and transforms
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FIG. 2—Continued

to CoQ, as evidenced by the shift of the oxide diffraction
line from 37° (Co30y) to 36.5° (CoO) and the appearance
of the 42.5° line. These lines decrease when the temperature
reaches 350°C and disappear at 400°C.

The specific pattern of metallic cobalt appears after re-
duction at 350°C and its intensity increases with the tem-
perature.

CoO C H
Hexagonal Co - H ——10C0Z1-H (Protocal 3)
Cubic Co-C H 10CoZ1-N (Protoca 2)
—— 10C0Z1-O (Pratocd 1)
C
'
52

FIG. 3.
flow, function of the thermal treatment, after support-pattern subtraction.

XRD diagrams of 10CoZ1 catalyst reduced at 450°C in H,

10CoAI catalyst. Figure 5 shows the diffractograms
of the 10CoAl catalysts in situ reduced at 440°C after
different pretreatments (airflow calcination, nitrogen-flow
calcination, and hydrogen-flow direct reduction of the pre-
cursor). The alumina-support contribution to the diffrac-
togram has not been removed, because differences are
evident and there is no necessity for substraction of
patterns. In this case we observe that even for 440°C

Co,0, Co0 C H
= [0CoZ1-H (260°C) 1
e | 0C0Z1-H (300°C) I
CoO|—— 10CoZ1-H (350°C) 4 ll H
——— 10CoZ1-H (400°C '|

Hexagonal cobalt - H
Cubic cobalt - C

FIG. 4. XRD diagrams of 10CoZ1-H at different reduction temper-
atures after support-pattern subtraction.
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CoO CoO c A H
Hexagonal cobalt - H — A
Cubic cobalt - C 10CoA1-H (440°C)
M| ALO;- A H — 10COA LN (440°C)
10CoA 1-O (440°C)
c
Mm
PN
48 50 52

FIG. 5.

The effect of the thermal treatment on 10CoA1 catalyst.

reduction temperature, only the CoO pattern is clearly visi-
ble. The Co(II) oxide crystalline fraction is a function of the
thermal pretreatment the catalyst endured. The same trend
as in the case of zirconia-supported catalysts is observed:

e The airflow calcination yields more crystallised CoO
than the nitrogen-flow calcination.

e The direct reduction of the nitrate precursor yields
more amorphous or microcrystalline CoO.

After reduction at 440°C no metallic cobalt pattern can be
observed. The cobalt is therefore microcrystalline or disor-
dered.

3.5. Catalytic Results

The catalytic test was performed under conditions
favouring methanation. This kind of test has already been
reported in publications, which makes a selection between
the different catalysts easier (25, 28). The catalyst activity
is therefore stabilised after about 5 h on stream, as we can
see in Table 3.

The catalytic results for 10CoZ1 catalyst are reported in
Table 4. The conversion levels obtained after airflow calci-
nation (Protocol 1), nitrogen-flow calcination (Protocol 2),
and direct nitrate precursor reduction followed by air con-
tact (Protocol 4) are equivalent. The catalyst which has been
in contact with air after a direct reduction of the nitrate pre-
cursor seems to present aslightly lower CO conversion. This

TABLE 3

Evolution of Function Based on Time on Stream

Activity 50 min 300 min 390 min 480 min
CO conversion 43.0% 32.8% 33.1% 30.5%
C balance 104.0% 100.9% 101.1% 99.0%
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TABLE 4

Catalyst 10CoZ1 Performance in Function
of the Thermal Treatment

Thermal c(CO) SCH; SC-C4 SCsi TOF

treatment (%) (%) (%) (%) Cbalance (s71)
Protocol 1 32.9 35.3 37.7 27.0 100.8 0.033
Protocol 2 34.8 36.8 379 253 103.5 0.035
Protocol 3 54.6 37.8 38.2 24.0 100.3 0.054
Protocol 4 30.7 358 38.2 26.0 102.2 0.037
Protocol 5 71.1 33.2 36.9 29.9 102.9 0.071
Protocol Sa 69.6 39.0 349 26.1 103.5 0.069
Protocol 5b 56.9 33.1 379 29.1 98.5 0.056

Note. Test conditions: T, 230°C; mcy, 0.4 g; CO/H, ratio, 1/9; Dco,
0.63 L/h; Dy, 5.6 L/h, pressure, 0.5 bar. Results obtained after 5 h time on
stream. TOF values calculated from XRD particle-size estimation. Pro-
tocol 1: Air calcination—400°C (4 h, 10°C/min). Protocol 2: Nitrogen
calcination—400°C (4 h, 10°C/min). Protocol 3: Direct hydrogen reduction
of the nitrate precursor—350°C (4 h, 5°C/min). Protocol 4: Direct hydro-
gen reduction of the nitrate precursor—350°C (4 h, 5°C/min), cooled to
room temperature under hydrogen flow, then placed in contact with air.
Protocol 5: Direct hydrogen reduction of the nitrate precursor—350°C
(4 h, 1°C/min). Protocol 5a: 1°C/min to 300°C (4 h). Protocol 5b: 1°C/min
to 400°C (4 h).

resultis consistent with the increase in particle size observed
for this sample by XRD, TEM, and oxygen chemisorption.
The increase in cobalt particle size is due no doubt to the
exothermicity of the cobalt reoxidation observed at the mo-
ment of contact with air. The TOF values are equal for the
three samples.

Catalysts reduced in situ without air contact after the re-
duction step (Protocols 3 and 5) present much higher CO
conversion values. The CO conversion is 50% higher for a
heating rate of 5°C/min (Protocol 3) and 100% higher for a
heating rate of 1°C/min (Protocol 5). The optimum reduc-
tion temperature for obtaining the maximum CO conver-
sion seems to range between 300 and 350°C.

The calcination under nitrogen or air leads to less active
catalyst than direct reduction of the cobalt nitrate precur-
sor. Moreover, the influence of the heating rate over the
conversion values indicates that the exothermicity gener-
ated by the reduction process of the nitrate phase leads to
the strengthening of the cobalt-support interactions and has
anegative effect on the catalyst performances, as previously
described for other type of supports (5, 6, 11).

Concerning the catalytic selectivity in Cs,, the differ-
ences observed cannot be used to reach a conclusion be-
cause of the conditions favouring methanation that we used
during the catalytic test.

The catalytic results obtained for the 10CoA1 catalyst are
reported in Table 5. The CO conversion is less sensitive to
thermal treatment in the case of these alumina-supported
catalysts than in the case of zirconia-supported catalysts.
However, the same trend is observed: nitrogen-flow calci-
nation leads to a very small increase in the CO conversion,
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TABLE 5

Catalyst 10CoZ1 Performance in Function
of the Thermal Treatment

Thermal c(CO) SCH; SGC-Cs4 SCsi TOF
treatment (%) (%) (%) (%) Chbalance (s71)
Protocol 1 124 47.9 33.0 19.1 101.0 0.015
Protocol 2 13.7 473 322 20.5 100.5 0.016
Protocol 3 16.8 49.3 313 19.5 100.2 0.020

Note. Test conditions: T, 230°C; mcy, 0.4 g; CO/H, ratio, 1/9; Dco,
0.63 L/h; Dy, 5.6 L/h, pressure, 0.5 bar. Results obtained after 5 h time on
stream. TOF values calculated from XRD particle-size estimation.

but the result could be insignificant because it is in the range
of the catalytic test statistical errors. The direct reduction
of the nitrate precursor also leads to an increase in this
parameter.

If we compare the in situ XRD and the catalytic results,
we observe that the catalytic results are improved when
amorphous or poorly organised hexagonal cobalt is pro-
moted. These results indicate that the reaction takes place
on the surface defects (corners and edges) of the metallic
phase. The more the cobalt is disorganised (hexagonal with
stacking faults or amorphous), the more the catalyst activity
is enhanced.

At 350°C (the optimum temperature for catalyst activa-
tion), all catalyst diffractograms show only CoO and (some-
times, in function of support or thermal treatment) Co3;04
patterns. This is the reason we assume that the active phase
is formed by metallic cobalt in interaction with CoO (metal-
lic cobalt formed on the outer surface of the CoO crystal-
lites). These results are in agreement with (6).

4. CONCLUSION

Among the preparation protocols we tried, the thermal
treatment, which leads to the best catalytic results, is the
direct reduction of the nitrate precursor in the reactor. The
effect of the pretreatment is higher in the case of zirconia-
supported catalyst. The direct reduction of nitrate precur-
sors is even more effective when using a slow-temperature
ramping protocol. This phenomenon is explained by the
exothermicity of the nitrate reduction. The slower the tem-
perature ramps, the better the heat evacuation, avoiding
any increase in cobalt-support interactions or particle ag-
glomeration. The reduction of Co304 oxide is difficult and
leads to an increase of the cubic crystallised cobalt at the
expense of amorphous cobalt or hexagonal cobalt with
stacking faults. The direct reduction of nitrate precursor
increases the quantity of amorphous cobalt or hexagonal
cobalt with crystallographic defects, which are active phases
in this reaction. At the same time, the direct reduction leads
to weaker metal-support interactions than does precalcina-
tion of catalysts.
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The nitrogen-flow calcination conducts to an interme-
diate situation. The quantity of crystallised Co3Oy is less
important than in the case of airflow calcination and it is
more reducible.
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