Catalysis Letters 66 (2000) 121124

121

The influence of oxide—oxide interaction on the catalytic properties
of Co/Al,0O3 in CO hydrogenation
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The influence of oxide-oxide interaction on the catalytic properties of cobalt in CO hydrogenation is investigated on the example of
a Co/Al,O3 catalyst. Oxide-oxide interaction was prevented by modification of the aumina surface with magnesia. It has been shown
that oxide—oxide interaction affects catalytic activity and the amount of carbon deposited on the catalyst surface.
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1. Introduction

As a rule, in the process of supported metal catalysts
preparation oxide—oxide interaction occurs between the sup-
ported metal oxide and the support, particularly, when
Al,O3 or MO is used as the support. As a result, mixed
oxide systems such as aluminates, spinels or solid solutions
appear on the surface layer of the support [1]. Subsequent
reduction of the supported oxide in the catalyst leaves the
products of oxide-oxide interaction on the metal—support
interface partially intact. At small concentrations of sup-
ported metal the oxide—oxide interaction does not alow
high degrees of metal reduction to be reached, and in some
cases, complete reduction to pure metal is impossible.

Modification of the support surface allows the oxide—
oxide interaction to be suppressed by the formation of crys-
tal structures with more compact elementary cells than that
of alumina in the Al,O3 surface layer [2].

The question of oxide-oxide interaction influence on
the catalytic activity of supported metal catalysts re-
mains open in many aspects. The influence of oxide—
oxide interaction on the catalytic activity of Co/Al,O3; and
Co/MgAl,04/Al,03 in CO hydrogenation is described in
this paper.

2. Procedures
2.1. Materials

Catalysts were prepared by impregnation of alumina
(Rhone-Poulenc, surface area 300 m?/g, average pore vol-
ume 0.44 ml/g) with aqueous solutions of Co(NO3), and
Mg(NO3),. In addition, the support was synthesized in
which the layer of MgAI,O4 spinel was formed by means
of Al,O3 surface modification with magnesia[3]. After im-
pregnation the samples were dried in air at 100°C for 5 h.
Cobalt content was found to be about 15% in all cases.
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All gases were purified from oxygen in columns filled
with Ni/Cr,0O3 and MnO/Al,O3. To avoid contamination by
iron carbonyls an active carbon column was kept at 200 °C.

Before the experiments, the catalysts were either cal-
cined at 400°C in Ar flow for 1 h or used without such
calcination.

2.2. Magnetic measurements

The magnetic measurements were carried out on a vi-
brational magnetometer [4] in the temperature range from
20 to 600°C in controlled gas medium of specified com-
position.

2.3. Measurements of catalytic activity in CO/H, synthesis

Catalytic activity was investigated in a continuous-flow
quartz microreactor serving simultaneously as magnetome-
ter cell. In the experiments CO conversion to hydrocar-
bons did not exceed 1% and the main reaction product was
methane. The rate of methane formation was measured
by a flame ionization detector. After each experiment the
detector was calibrated on high-purity methane.

2.4. Thermodesorption and temperature-programmed
reduction

Thermodesorption (TPD) and temperature-programmed
reduction (TPR) were carried out in a KL-1 installation.
Temperature-programmed surface reaction (TPSR) of pre-
adsorbed CO with hydrogen was carried out after the TPR
experiment. Hydrogen was desorbed from the freshly re-
duced catalyst in Ar flow at 300 °C, then CO was adsorbed
at 20°C in order to study the hydrogenation of adsorbed CO
in the temperature-programmed surface reaction (TPSR).
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Figure 1. TPR spectraof calcined Co/Al,03 (1) and Co/0.2% MgO/Al, O3 (I1) catalysts (curves 1 and 2) and the temperature dependence of magnetization
change rate (d.J/dT') for these catalysts (curves 3 (I) and 4 (I1)).

3. Results and discussion

Figure 1 shows TPR spectra of the calcined Co/Al,O3
(I and Co/0.2% MgO/AI,O3 (1) catalysts (curves 1 and 2).
It is clearly seen that the temperatures of the first maxi-
mum of reduction rate for both catalysts are equal (340°C).
It will be shown below, that the first maximum of the
TPR spectrum corresponds to the reaction CozO,4 + Hy, =
3Co0 + H,0. The peak intensities for both catalysts are
different, the reduction rate of catalyst | is lower in the
first stage. The second peak, corresponding to the reac-
tion CoO — Co, has the maximum temperature 550 °C for
catalyst Il and 750°C for catalyst I.

Figure 1 also illustrates the temperature dependence
of magnetization change rate (dJ/dT’) for these catalysts
(curves: 3 for catalyst | and 4 for catalyst 11, respectively).
Considering that in the studied systems only Co is ferro-
magnetic, curves 3 and 4 show the rate of Co formation.
The position of maximain curves 3 and 4 proves the above
peak positions in the TPR spectrum and also points to the
fact that the rate of reduction to metal is significantly higher
for catalyst |1 than for catalyst I.

The smaller area of the first maximum (curve 1) in the
TPR spectrum of catalyst | as compared to that of catalyst 11
indicates that at the first stage of calcination interaction of
Co304 with the support takes place, reducing the amount of
Co304 on the Al,O3 surface. The position of rate maxima
for process CoO — Co permits one to suggest that during
reduction the interaction CoO-Al,03 also takes place.

From the TPR spectra, the modification of the alumina
surface markedly decreases the interaction between cobalt
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Figure 2. Temperature dependence of magnetization in the process of
catalyst reduction without precalcination.

oxides and support both in the stage of precalcination and
in the stage of reduction.

Figure 2 illustrates the temperature dependence of mag-
netization in the process of reduction without precalcina-
tion. It represents the kinetics of metallic cobalt formation.
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Figure 3. TPSR spectra of calcined Co/Al,O3 (1) and Co/0.2% MgO/
Al;,O3 (1) catalysts, reduced up to the state of constant magnetization at
600°C.

The enhancement of rate and degree of reduction is exhib-
ited for catalyst I1.

To characterize the catalytic properties of catalysts |
and |1 the temperature-programmed surface reaction (TPSR)
of pre-adsorbed CO with hydrogen at 20°C was used [5].
The reaction was carried out both on preliminary calcined
and reduced catalysts and on catalysts reduced without cal-
cination.

Figure 3 shows TPSR spectra of catalysts | and II,
calcined and reduced to the state of constant magneti-
zation at 600°C. The presence of at least two peaks of
methane in the TPSR spectrum demonstrates the availabil-
ity of CO hydrogenation centers of different nature. Lee
and Bartholomew [6] believe that the first peak corresponds
to the process of CO hydrogenation on metallic Co, and
the peak with higher temperature maximum of CH3O in-
termediate from the support surface to surface metallic Co
is related to a reverse spillover. To prove this interpreta-
tion we have reproduced the experiment from [6]. After
CO pre-adsorption, oxygen was adsorbed at room temper-
ature on the catalyst surface. Oxygen adsorption leads to
disappearance of the first peak in the TPSR spectrum (fig-
ure 4), which is probably related to interlocking of CO
hydrogenation centers on Co. However, increase of tem-
perature causes reduction of Co surface hydrogenation of
the CH3O intermediate (formed as a result of partia hy-
drogenation of adsorbed CO on the support and reverse
spillover of the CH3O intermediate onto the metallic Co
surface) becomes possible. This is responsible for the for-
mation of the second peak in the TPR spectrum.

The peaksin the spectra overlap and make further analy-
sis difficult. However, the spectrum may be approximated
at a high degree of accuracy by the sum of two Gaussian
peaks. It alows one to take into consideration the ratio
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Figure 4. TPSR spectra of calcined Co/Al,O3 (I1) with oxygen pre-
adsorption.

of peak areas. As has been previously shown [6], the ra-
tio of the first peak area to the sum of areas (A/(A + B))
rises along with the increase of reduction degree. Similar
patterns were observed in this study. Precalcination leads
to the decrease of the ratio for the given catalyst samples.
For samples | and Il, precalcined, this ratio significantly
differs, asillustrated in figure 3. Moreover, the peak shape
analysis [5] permits one to evaluate the activation energy
(E™) for the processes responsible for appearance of peaks
“A” and “B”. The analysis has shown that £* of peaks of
type“A” for systems| and Il is approximately the same and
equals 70-80 kJ/mol, whereas for peak “B” an appreciable
increase is observed in the case of system Il as compared to
system |, 121 and 70 kJ/mol, respectively. We believe that
such increase of activation energy may be connected with
the increase of activation energy of surface radical CH3O
diffusion on the surface of the MgAIl,O4/Al,03 support, as
compared to the same value for the diffusion process on
the Al,O3 surface.

Thus, it can be suggested that the decrease of oxide—
oxide interaction in the Co/Al,O3 system results in the de-
crease of support participation in CO hydrogenation.

For correct comparison of catalytic activity of the ob-
tained catalysts the specific area of surface supported Co
was measured considering the results of hydrogen TPD, as
well as the amount of metallic Co was measured consider-
ing the results of Co oxidation by oxygen.

Data on specific surface area of supported metal, de-
gree of reduction and specific catalytic activity are given in
table 1.

As acriterion of catalytic activity under isothermal con-
ditions the specific rate of methane formation was used. It
was measured at the 10th minute from the start of catalytic
reaction at 200 °C.

As it is seen from table 1, the modification of support
surface by MgO usually increases not only the degree of
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Table 1
Catalytic properties of Co/Al,O3 (1) and Co/0.2% MgO/Al,O3 (I1) cata
lysts.

Catalyst S Degree of red.2 E*b Wep, © 108

(m/g) (%) (kcal/mal)  (mol/(m? s))
| cacined 6+£0.2 60 30+1 0.11 4+ 0.05
| not calcined 5405 51 30+1 0.15+0.05
Il calcined 4+ 0.5 77 28+1 0.8+ 0.05
Il not cacined 3+ 0.5 80 30+1 1.140.05

aDegree of reduction for metallic cobalt.
b Effective activation energy of CO hydrogenation.
¢Methane formation rate at 200 °C.
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Figure 5. Temperature dependence of methane formation rate in the
process of exposition of used catalysts in hydrogen flow.

Co reduction into metal, but also significantly increases the
catalytic activity in CO hydrogenation. From comparison
of data on specific surface area and degree of reduction it is
evident that the decrease in oxide—oxide interaction leads to
the decrease in Co dispersity. The latter might be connected
with the decrease in a fraction of highly disperse metallic
Co, formed in reduction of cobalt aluminate.

Concluding the catalytic activity experiment, the catalyst
was abruptly cooled in the flow of reaction mixture to room
temperature and the flow was switched to that of hydrogen.
After that the programmed heating of the catalyst in hydro-
gen flow was carried out and the hydrogenation rate of the
remaining carbon surface deposits was recorded.

Figure 5 presents the temperature dependence of CH,4
formation rate for catalysts | and Il. As seen from figure 5,
the amount of formed methane or the formation rate of car-
bon depositsis significantly less for catalyst 11 than for cat-
alyst I. The same phenomenon was observed for supported
iron catalysts for CO hydrogenation [3]. Most likely, the
explanation of this fact may be attributed to the properties
of support rather than that of the supported metal. Indeed,
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as it was noted above, the analysis of TPR spectra reveals
that spillover of CH30 is hindered on the surface of cata-
lyst I1.

As was previously shown, Co/Al,O3 specific activity
in CO hydrogenation increases along with the decrease in
dispersity and with the increase of Co content [7]. The
authors consider the increase in the fraction of planar sites
on the surface of Co particles to result from the increase
of the dimensions of these particles as the reason of this
phenomenon. But later results indicate the independence
of CO hydrogenation rate from the structure of Co sur-
face [8]. It was suggested that the specific activity depends
on the degree of Co reduction. Our studies support this
suggestion and justify that the nature of support affects Co
specific activity in CO hydrogenation. The mechanism of
this effect may be connected with the spillover of surface
intermediates and demands further investigation.

Nevertheless, it can be suggested that the greater the de-
gree of reduction, the smaller is the alumina contamination
degree for the Co surface. Alumina particles are present on
the Co surface as a result of spinel reduction. A decrease
in oxide-oxide interaction leads to a decrease in CoAl,O4
concentration on the catalytic surface and, consequently,
to a decrease of decoration by support the degree for the
particles of cobalt.

It has been shown previously that oxide-oxide inter-
action does not influence the specific catalytic activity
of Al,O3-supported Fe and Ni CO hydrogenation cata-
lysts [3,9]. It gives us grounds for thinking that the CO
hydrogenation mechanism on Co is different from that on
Ni and Fe.

Acknowledgement

The authorsthank 1.N. Zavalishin for his assistance. The
work was conducted with the help from Russian Foundation
for Fundamental Research (project 98-03-32285a).

References

[1] PA. Chernavskii and V.V. Lunin, Kinet. Katal. 34 (1993) 531.

[2] S.S. Chan, |.E. Wachs, L.L. Murrell and N.C. Dispenziere, J. Catal.
92 (1985) 1.

[3] PA. Chernavskii, G.V. Pankina, G.P. Murav’eva and V.V. Lunin, Zh.
Fiz. Khim. 71 (1997) 2157 (in Russian).

[4] V.V. Kisdlev, PA. Chernavskii and V.V. Lunin, Zh. Fiz. Khim. 61
(1987) 280 (in Russian).

[5] Kinetics Heterogeneous Catalytic Reactions. Methodical Questions of
Kinetics (Chernogolovka, 1983) p. 93.

[6] W.H. Lee and C.H. Bartholomew, J. Catal. 120 (1989) 256.

[7] L. Fuand C.H. Bartholomew, J. Catal. 92 (1985) 376.

[8] B.G. Johnson, PJ. Berlowitz, D.W. Goodman and C.H. Bartholomew,
Surf. Sci. 217 (1989) 13.

[9] PA. Chernavskii, G.V. Pankina and V.V. Lunin, Dokl. Akad. Nauk
352 (1997) 646 (in Russian).



