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Abstract

The evolution of the morphology, phase composition, and activity in benzene hydrogenation of Ccd&ilysts, prepared from cobalt
nitrate and porous (390 %‘yig) or nonporous (35 ﬁ'yg) silica, upon reduction with hydrogen at 350-9@ have been studied by X-ray
diffraction (XRD), transmission electron microscopy (TEM), magnetic measurements, oxygen uptake, BET, and hydrogen chemisorption.
A rapid decline of the activity of Co/Si®catalysts to zero was observed with reduction temperature increasing from 400%06.60ls
effect could not be simply explained by a sintering of cobalt particles or by the reaction of Co with the support and alloys or compound
formation. The TEM, H chemisorption, @ uptake, and magnetic measurements revealed tifaigt 500°C coverage (encapsulation) of
the metal with a thin, most probably Si(overlayer was likely to be the reason. Both Co/gatalysts reduced &teq > 500°C exhibited a
higher and growing with reduction temperature resistance to oxidation when exposed to oxygen or air as it was evidenced by oxygen uptake
magnetic data, and decreasing ehemisorption capacity. At higher temperatupe100°C) the formation of a thicker, easily observable
with TEM, SiO, or SiOy, overlayer covering the Co particles took place. As a consequence, the catalysts reducetCavef® nearly
insensitive to the exposure to air. Oxygen uptake and magnetic measurements ruled out the hypothesis on the Co—Si solid solution or cobe
silicide formation at least in quantities higher than the reliability limits of the experimental methods used. The sintering of Co particles
and the significant growth of the mean size of Co crystallites was observed at reduction temperatures of 800 @ridr8&thporous and
porous silica, respectively. An apparent growth of the cobalt content to 107 and 114% of the initial value was noted after reduction at 700
and 90C°C, respectively, for both catalysts studied, probably due to the strong support dehydroxylation and/or partial reduction.
0 2003 Elsevier Inc. All rights reserved.
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1. Introduction tive use of a metal precursor in a catalyst and as a conse-
quence the catalyst activity, namely degree of its reduction
Supported cobalt has been extensively studied as cata-and the shape and dimensions of metal particles formed.

lyst for the reactions involving hydrogen transfer. The best- It has been shown that the reducibility of the cobalt cat-
known industrial scale application is the Fischer—Tropschre- alysts and, in general, the dispersion of the metal phase
action in which cobalt-based catalysts are used [1-3]. Otherformed depend on the support used [10-20]; the cobalt
promising reactions studied were carbon dioxide reforming precursor used [15,17,21-24]; the metal loading [8,11,18],
of methane [4], ethene hydroformylation [5], hydrogenation the preparation method [11,14,17,25-29]; thermal treatment
of aromatics [6-8], and selective hydrogenation of alde- [15,21,30-32], the reduction process [33-35], and also the
hyde groups in, B-unsaturated aldehydes [9]. It is well  added ions [36-40]. All above-noted factors seem to re-
known that the reduced cobalt metal, rather than its com- fiect different nanoscale chemistry at the interface in each
pounds like carbides, is the active phase for hydrogenationparticular case. Recently much attention was paid, to the
and Fischer-Tropsch reactions. For structurally insensitive study of the influence of the catalyst preparation and thermal
reactions, only two factors, in principle, determine an effec- treatment (drying/calcination) steps and also the reduction
process itself, on the activity of the resulting cobalt catalysts.

~* Corresponding author. The two former steps can produce irreducible or resistant to
E-mail addressjanusz@int.pan.wroc.pl (J.M. Jabiski). reduction compounds formed from metal precursor and the
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support. The last step can strongly influence the final state oralyst, as it was shown by Goodwin and co-workers [33,34]
composition of the metallic phase formed and hence also thefor Co,Ru/AbO3 catalysts. The presence of water vapor can
activity. also influence the phase composition of the final catalyst as

Although silica was generally considered as a relatively it has been reported for Pd/Si{B5].
inert support [41,42], it was found that cobalt species de-  Although the phenomenon of a strong metal support in-
posited on silica support could, under certain experimental teraction has been investigated recently for model Cg/SiO
conditions, partly or fully react with the support. The re- and Co/C catalysts in the form of thin films [57,58], the lit-
action may lead to only a partial reduction of cobalt and erature concerning Co catalysts on porous silica supports is
a lower activity of the resulting catalyst. Puskas et al. [14] rather scarce [18,59,60]. Moreover, some catalytic reactions
found that preparation of the precipitated cobalt on silica cat- actually studied [4], employing Co/Si@atalysts, take place
alysts, in a slightly alkaline reaction environment, resulted in at temperatures around 800-9@ so it would be desirable
cobalt silicate formation which could be reduced only at el- to have a better insight into the chemistry of this system also
evated temperatures (i.e., above 309. Ming and Baker at higher temperatures.
[26] reported on the influence of pH of the impregnating We undertook this study to elucidate the influence of
solution on the formation of cobalt silicate in cobalt silica- the silica support type and high-temperature reduction on
gel catalysts. The cobalt silicate formation in the Co/5SiO the morphology, phase composition, sintering, and catalytic
catalyst has been shown to enlarge with increasing surfaceactivity of supported cobalt catalysts. To study the effects
area of the support [14,15]. Recently, Barbier et al. [28] re- induced by the reduction, it would be desirable to sepa-
ported two-dimensional cobalt phyllosilicate formation in rate it from others, which would take place at the earlier
well-dispersed Co/Si@catalysts prepared by the ammonia stages of catalyst preparation, i.e., impregnation and calci-
method. nation. Therefore, the cobalt nitrate precursor was used as

It was shown that the reducibility of cobalt could be it is relatively well investigated and is known to not pro-
strongly influenced by the drying procedure [15,30,32]. duce a stronger interaction with silica during impregnation
High-temperature calcination, both in oxygen and in an and under mild calcination treatment [32,61]. The supported
inert atmosphere, can produce silicate, which is difficult Co catalyst based on the cobalt nitrate precursor is also of-
to reduce [15,26,30,31,43-45]. It was found that even re- ten used as a reference. In the present study, to follow the
duced cobalt is able to produce silicate or hydrosilicate change of the cobalt surface area and its metallic function,
under hydrothermal conditions [31]. Reaction of Co/5iO as well as phase composition, besides the transmission elec-
with high-pressure steam at 220 leads to a substantial tron microscopy (TEM) and selected area electron diffrac-
loss of BET surface area and formation of catalytically inac- tion (SAED), we have also adopted X-ray diffraction (XRD),
tive cobalt silicate [46]. Similar effects have been observed hydrogen chemisorption, oxygen uptake, nitrogen adsorp-
after repeated aqueous impregnation of the prereduced andion, magnetic measurements, and benzene hydrogenation as
passivated Co/Sigxatalysts during drying [45] or calcining  atest reaction. Hydrogenation of benzene is considered to be
[44]. On the other hand, cobalt silicate formation can act as a structure-insensitive reaction [3,62]; therefore, the reaction
a beneficial factor. It has been postulated that a small amountrate should be a good measure of the accessible cobalt sur-
of this compound is necessary to obtain a highly dispersedface sites.
cobalt catalyst [30].

The reduction process itself strongly influences the qual-
ity of the resulting catalyst. It is well known that the cat- 2. Experimental
alytic activity of the catalyst can be suppressed by the
so-called strong metal support interaction (SMSI) effect, 2.1. Catalyst preparation
which occurs during the reduction step at higher tempera-
tures [47,48]. Formation of the intermetallic compoundsin  Two types of silica from Rhoéne-Poulenc, denoted as
the metal/transition metal oxide systems, accompanied with XOA-400 (S = 390 n?/g, pore volume 1.25 cfig, mean
the suppression of the catalytic activity in benzene hydro- pore diameter 100 A) and XOB-15 & 26 n?/g, pore vol-
genation, has been reported some time ago for Ni/ZnO [49] ume 0.3 cmd/g, mean pore diameter 2000 A)—according to
and Pd/zZnO [50]. Later it was shown that even supports the manufacturer's data—were used for catalyst preparation.
considered earlier as inert ones can undergo reduction aBET measurements performed in our laboratory gave the
higher temperatures in the presence of active metals withsurface area equal to 390.6 and 353/g) respectively. The
the formation of compounds or alloys, as it was observed, supports before impregnation were washed twice with dou-
for example, in Ni/SiQ [51], Ni/Al203 [52], Pt/SIG [53], bly distilled water (DDW) and 50 cfy1 g Si0, filtered, and
and Pd/SiQ [35,54,55] catalysts. On the other hand, partly dried overnight in air at room temperature and subsequently
reduced support moieties [8] or the support itself [56], mi- 20 h at 200C. Two catalysts were prepared by incipient
grating onto the metal particles, can lower the catalytic activ- wetness impregnation of the supports with an appropriate
ity. The reduction conditions, in particular the water vapor, amount of Co(NQ)2 - 6H20 (supplied by POCH, Gliwice,
strongly influence the reducibility and activity of cobalt cat- Poland; analytical grade) DDW solutions. The catalysts were



148 J.M. Jabtaiski et al. / Journal of Catalysis 220 (2003) 146—160

dried in air at room temperature for 72 h followed by calcina- were handled in air. Only the samples for magnetic measure-
tion in the open air of an oven at 13Q for 20 h. Once pre-  ments and for selected oxygen uptake experiments were han-
pared, the catalysts were stored in tightly closed bottles anddled under hydrogen, subsequently degassed@0@ h,
used for experiments without any additional treatment. The 10~° Torr) and sealed off under vacuum without any contact
catalysts will be referred to as Co/Si390 and Co/Si@-35 with air unless stated otherwise.
catalysts, respectively.

2.4. Catalyst characterization
2.2. Chemical analysis

2.4.1. BET surface area

Elemental analysis of bare supports and catalysts was The volumetric experiments in this study, i.e., nitro-

performed by using inductively coupled plasma-atom emis- gen adsorption, hydrogen chemisorption, and oxygen uptake
sion spectrometry (ICP-AES) with a Philips Scientific PU were carried out in the same conventional glass apparatus
7000 spectrometer. About 1 g of the support, after drying at providing a base pressure of 10Torr (1 Torr= 133 N/m?).
250°C for 5 h, was dissolved with an appropriate amount The BET surface area of the samples was measured by ni-
of hydrofluoric and diluted sulfuric acids. The analysis re- trogen adsorption at liquid nitrogen temperature, assuming
vealed the following trace metal contents (expressed as ppm0.162 nn? as the area occupied by the Molecule. Before
(Mg/Q)): SiM-390 support (Ca, 169; K, 13; Mg, 41; and measurements the bare supports and the oxidized forms of
Na, 189), SiQ-35 support (Ca, 195; K, 16; Li, 0.9; Mg, 162; the catalysts were degassed for 2 h at 2560The reduced
and Na, 3410). Preliminary experiments have shown that catalyst samples, as transferred in air, were additionally re-
reliable determination of the cobalt contents in the cata- duced in hydrogen according to the procedure given in Sec-
lysts necessary to achieve the purposes of this work requiregion 2.4.6.
the standardization of the procedures and conditions un-
der which the analyse are made. Therefore, before analysi?.4.2. X-ray powder diffraction
the catalysts were reduced with hydrogen flow at 400 X-ray powder diffraction was performed to determine
for 5 h and then oxidized in flowing air for 3 h to con- the crystalline phases of the catalysts following different
vert Co into CaOg4. Next, the samples were dissolved with pretreatment steps. XRD patterns were collected using a
an appropriate gquantity of the mixture of hydrochloric and Siemens D 5000 diffractometer with monochromatized Cu-
nitric acids. The analyses revealed the following cobalt load- K, radiation ¢ = 1.5406 A) in the 2 range of 10-82
ing: 8.54 wt% Co for Co/Si@-390 and 4.88 wt% Co for  In some experiments, to minimize the influence and to ver-
Co/Sik-35 as expressed on a reduced catalysts basis. Thusify the importance of the fluorescence, the powder diffrac-
the Co loading means weight percentage Co in the com-tometer DRON-2 (Russian) with CogK radiation ¢ =
pletely reduced catalysts. In the case of the CosS36 cat- 1.7092 A), filtered with a Fe filter was also employed. Sili-
alyst, the amount of Co corresponds approximately to the con powder was added to the selected samples as an internal
monolayer coverage, while for the Co/S390 catalyst to standard for precise measurements of lattice parameters and
about 0.21 of a monolayer. The cobalt content in selected for instrumental peak-broadening correction for determina-
samples of the catalysts subjected to the oxygen uptaketion of mean crystallite sizes. The mean crystallite sizes of
and magnetic measurements was also additionally deter-Co and Cg@O4 were calculated using the Scherrer formula

mined gravimetrically via complex with-nitro-g-naphthol [64]. The intensities of the peaks and positions of their max-
according to the procedure given in Ref. [63]. ima were determined by a profile fitting procedure. The crys-

talline phases both in XRD and SAED studies were identi-
2.3. Catalyst reduction and pretreatment fied by comparison with JCPDS files: Co metal (15-0806,

05-0727), CgO4 (09-0418, 42-1467), and CoO (09-0402).
The reduction was performed in a similar way as de-

scribed in [43]. The catalyst sample (usually 500, sometimes 2.4.3. High-resolution transmission electron microscopy
up to 1200 mg) placed into a quartz tube was heated in pu- To achieve the appropriate electron transparent samples,
rified hydrogen flow (60 ciymin), with the heating rate of  the catalyst was crushed and ground to a fine powder in
5°C/min, to the required temperature and then was main- an agate mortar. A copper microscope grid covered with
tained for 20 h. After cooling down to room temperature perforated carbon was then simply dipped into the powder
under flowing hydrogen, the catalyst sample was passivatedand a sufficient amount of material stuck to the grid for
by allowing air to leak slowly into the reduction tube. Some- TEM examinations. Samples were examined using a Philips
times for comparison purposes the catalyst was passivatedCM 20 Super Twin high-resolution electron microscope at
with flowing 0.5% Q in N2 before being exposed to air. 200 keV. Selected area electron diffraction, microdiffraction,
Then, the catalyst was divided, as soon as possible, intoand high-resolution transmission (HRTEM) working modes
suitable parts to be studied with the various methods used.were used to monitor the changes in morphology and phase
All characterization experiments and some activity measure- composition of the catalysts. The average cobalt particle size
ments were carried out ex situ, and reduced catalyst samplesvas measured by conventional diffraction contrast imaging



J.M. Jabtaiski et al. / Journal of Catalysis 220 (2003) 146—-160 149

and calculated using the formula= ", n; = D;/ Y ; n;, duction at 400C in Hp at 200 Torr for 2 h and then evacu-
wheren; is the number of particles with diameter between ated at the same temperature for 2 h. Finally, the sample was
D; andD; + AD;, andD; = D; + AD;/2. A minimum of cooled to 100 C under dynamic vacuum and saturated with
about 500 particles has been measured for each sample. HoH> in the pressure range of 80—150 Torr. An equilibration
mogeneity of the active phase distribution and overall chem- time of 1 h was employed. The total chemisorption of hy-
ical composition of the samples was checked with a Philips drogen at 100C, assuming a stoichiometry of/@os = 1,
515 scanning electron microscopE & 30 kV) equipped  was used for cobalt metal area determination instead of ir-
with an EDS analyzer. reversible one, as it was shown that it better reflects the
accessible metal cobalt surface [45,67].

2.4.4. Magnetic measurements

Magnetic measurements were employed primarily to ver- 2.4.7. Catalytic activity measurements
ify the possible Co-Si solid solution or compounds, e.g.,  The catalytic activity for the benzene hydrogenation was
silicide formation. The method could also be used to deter- measured at atmospheric pressure with a feed composition
mine the Co content and reduction degree in the catalystsof benzene (Aldrich, HPLC grade 99.9%) to hydrogen equal
studied. Static magnetic measurements were performed byto 1:8.75. Usually, 50 mg (Co/Spa85) or 15 mg (Co/Si@
the Faraday method in an electromagnet providing field up 390) of the catalyst was loaded into a glass reactor to keep
to 7.35kOe (0.735 T) in the apparatus described in Ref. [65]. the conversion below 15% and to avoid heat and mass trans-
The specific magnetization was determined at room and port effects. Before testing, an additional in situ reduction in
liguid nitrogen temperatures. Saturation magnetization per hydrogen flow at 400C for 2 h was applied, with the excep-
gram of the catalysio) was obtained by plotting the recip-  tion of the catalysts previously reduced at 380 where the
rocal of magnetizationr against YH, whereH is magnetic same temperature was used. The reactor effluent was ana-
field intensity, and extrapolating to/ # = 0. Reduced cata-  lyzed by the INCO 505 M gas chromatograph (Poland) with
lysts for magnetic measurements were handled without any TCD detector and equipped with 3.7 m long 15% Carbowax
contact with air and measured after being degassed. In som&0M/Gas-Chrom @ packed columns. Because of the ini-
cases, to verify its resistance to oxidation, we simultaneously tial loss of activity, the bracketing technique was employed
prepared another catalyst sample exposed to air for 10 min.in the kinetic runs [68]. The measurements were performed
This sample was pumped off in a vacuum as it described in at 11°C. Additional experiments were done to check that

Section 2.3. the exposure of the reduced catalyst to air did not change
the activity data, as compared to that obtained for catalysts
2.4.5. Oxygen uptake reduced in situ, at least within the error limit of the method

The extent of cobalt reduction in selected catalyst sam- used. Blank runs of the empty reactor and bare supports were
ples was determined additionally by the oxygen uptake, ac- also performed.
cording to the procedure given by Bartholomew and Far-
rauto [66]. The reduced, carefully passivated sample of cat-
alyst was pretreated in the same way as in Section 2.4.6.3. Results
Finally, it was additionally degassed at 48D for 2 h and
cooled to room temperature under dynamic vacuum. Then,3.1. BET surface area
oxygen was admitted and the amount of adsorbed oxygen
was measured. The temperature was subsequently raised up BET surface areas of the bare supports and cobalt cata-
to 450°C, kept under isothermal conditions for 2 h, and then lysts after various pretreatments are shown in Table 1. The
the sample was cooled under oxygen to room temperature SUppOrts subjected to heating in hydrogen up to8Dbave
where the total @uptake was measured. Blank experiments & surface area slightly less than that of the untreated ones.
with bare supports were also carried out. Also, selected sam-However, the pretreatment at 980 causes a severe de-
ples of the catalyst were prepared without any contact with crease of the surface area, especially large in the case of the
air. Previously reduced catalyst sample was transferred un-low surface area silica. The catalysts after impregnation and
der hydrogen into a thin-wall glass ampoule, degassed undeheating at 130C, show a slightly higher surface area than
vacuum of 10°® Torr at 450°C for 2 h, and sealed off. Next,
it was transferred to the apparatus for the oxygen uptake Table 1
measurement, and after degassing at “400was broken BET surface area of the bare supports and CojSi@alysts after different
there. In this case, the oxygen uptake measurement was perhermal treatments

formed without any additional degassing of the sample. TemperaturedC)/  SgeT, supports (f/g)  SgeT, catalysts (r3/g)
gas SiG-35  Si}-390  Co/SiQ-35 Co/SiG-390
2.4.6. Hydrogen chemisorption 130/air 350 390.6 37.3 363
For hydrogen chemisorption, the previously reduced and 600/H, - - 313 382
passivated catalyst sample (ca. 1.0 g), after being outgasse§00/H 302 380.5 311 370

at room temperature for 2 h, was subjected to twofold rere- 0%/ 1 289.5 9.5 2re
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that of the bare supportin the case of the CofS85 catalyst slightly poorer. The heating of the Si€390 support at
and slightly lower for the Co/Si©390 catalyst, respectively. 900°C in hydrogen (Fig. 1a), despite the remarkable loss
Both catalysts seem to be rather stable up to reduction tem-of its BET surface area, did not produce any diffraction
perature of 800C, since the surface areas are only slightly peaks which could be due to the support crystallization.
lower than that of silica supports. However, the reduction at Freshly impregnated with Co(N{» and room temperature-
900°C, similarly as for the bare supports, leads to a signif- dried silica (Fig. 1b) also did not show any diffraction peaks,
icant loss of the surface area, which may be responsible forwhich could be due to the crystalline cobalt nitrate forma-
some sintering of the Co phase. tion. After heating in air at 130C only peaks, which can

3.2. X-ray diffraction

For a clearness of the presentation in Fig. 1 only XRD
patterns of the Co/Si£390 catalyst following various pre-

be ascribed to the G@4, were observed (Fig. 1c), which
proved the decomposition of the cobalt nitrate. It seems that
the prevailing part of the cobalt present is converted into
Coz04 since there is no evidence for CoO or LB phase
formation. The mean G®; crystallite size determined for

treatment steps are shown. The results obtained for thethe Co/SiQ-390 catalyst from the peak aff 2= 36.84° was

Co/Sik-35 catalyst were essentially the same, although be-
cause of a lower cobalt loading, the XRD patterns were
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Fig. 1. Selected XRD patterns of the bare support and CofSED af-

ter different thermal treatments. (a) $K390 heated in bl at 900°C for

20 h, (b) impregnated, room temperature-dried on air for 72 h, (c) heated in
air at 130°C for 20 h and (d) catalyst reduced at 4@ (e) 700°C, and

(f) 900°C. (O) fcc Co, @) Coz04. Broad peak at@=10-2C in (e) and

(f) is due to the plastic sample holder.

estimated as 9.9 nm.

In Figs. 1d, 1e, and 1f the XRD patterns of the catalyst
reduced at 450, 700, and 990 for 20 h and exposed to
air during XRD experiments are shown. After reduction at
450°C, the diffraction peaks of G®, disappeared and a
weak broadened and diffused peak at 44.B2observed,
indicating the presence of heavily oxidized and/or highly
dispersed metallic cobalt with fcc structurg-phase). The
strongest peak of CoO at 42413 hardly visible. The sub-
stantial oxidation of metallic cobalt and mostly amorphous
cobalt oxide layer formation during the handling and XRD
experiments not only confirm Co phase formation but also
suggests rather good and uniform dispersion of the metal-
lic phase. The catalyst reduced at 700 and GD@xhibits
stronger fcc cobalt peaks, which could be interpreted as
cobalt sintering and/or its greater resistance to oxidation. For
the sample reduced at 900, besides the stronger and nar-
rower peak at 44.22 also the peak at 51.82s visible.

The use of the liquid paraffins to protect the cobalt par-
ticles from air [29,33] allowed us, however, to determine
the mean sizes of cobalt crystallites (the patterns not shown
here). The results are presented in Table 2, together with data
obtained from TEM study. In all XRD spectra of the cata-
lysts, both exposed to air or protected with paraffines, we
have never observed the formation of o (hcp) phase.
Additionally, careful determination of the peak positions in
the XRD patterns, with the use of silicon powder as inter-
nal standard and a peak profile-fitting procedure, revealed a
minute (by 0.26%) contraction of the Co unit cell parame-
ter (cf. Table 2) as compared to the value of the bulk fcc Co
equal to 0.3545 nm.

3.3. Transmission electron microscopy

Both TEM images and SAED patterns of freshly impreg-
nated catalysts, after room temperature drying for 72 h, gave
no evidence of the presence of amorphous or crystalline
Co(NQG3)2 x H20 phase. In Fig. 2 TEM micrographs of
the catalysts after heating at 13D in air are shown. The
SAED patterns, presented as insets in Fig. 2, taken from
the darker features (marked by arrows) could be indexed
as the CgO4 phase. In the case of high surface area silica
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Table 2
Influence of the reduction temperature on the morphology and phase composition of Cod&ists
Reduction Crystallite size (nm) Co dispersion Lattice constart Phases identifi€d
temperatureC) XRD TEM (%) XRD (nm) TEM
Co/Si0,-390
350 - 84 118 - Cofcc, hcp, CoO
400 - 99 938 - Cofcc, hcp, CoO
450 Q0 9.8 101 - Cofcc, hcp, CoO
550 - 81 123 - Cofcc, hep
700 67d 101 98 0.3533(5) Coffcc, hep
800 - 91 108 - Cofcc, hcp
850 152 161 6.2 - Cofcc, hep
900 211 235 42 0.3545(5) Coffcc, hep
Co/Si0,-35
350 - 84 118 - Cofcc, hcp, CoO
400 - 95 132 - Cofcc, hcp, CoO
450 a0 9.8 101 0.3533(5) Coffcc, hep, CoO
510 - 82 121 - Cofcc, hep
550 - 110 9.0 - Cofcc, hep
600 - 105 95 - Cofcc, hep
700 120 106 94 0.3533(5) Cof(fco)
800 - 145 6.9 - Cofcc)
900 160 178 5.6 0.3523(5)® Cof(fco)

@ o4 Dispersion calculated from TEM results assuming spherical shape of Co particles.
b Lattice constant for Cé¢c) a = 0.3545 nm (JCPDS file 15-0806).

¢ From XRD only Cofcc) was identified.

d After 2 days in air, without paraffin.

€ Measured without internal standard.

silica support

Fig. 2. TEM micrographs of the (a) Co/SjeB90 and (b) Co/Si@-35 catalysts after room temperature drying in air for 72 h followed by open air heating at
130°C for 20 h.
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Fig. 3. Series of TEM micrographs of the Co/$i390 (a,b,c) and Co/Si335 (d,e,f) catalysts after reduction for 20 h at 400 (a,d), 700 (b,e), an8i®00
(c,f), respectively. All figures are at the same scale, magnification: 19%,000

(Fig. 2a), Ca0O4 deposits are agglomerated in the form of 35 catalyst after reduction at 70Q is presented. It reveals
grape-like or cracked drop-like structures. The distribution that cobalt particles are covered with an amorphous adlayer,
of the CgO4 phase is similar to that reported earlier for probably SiQ or SiO; migrating onto the particles. For the
Co/SiQ catalysts prepared with silica carriers of compara- Co/Si%-390 catalyst, formation of such an adlayer on Co
ble porosity and surface area [20,22,69]. For the low surface particles was also observed. At higher reduction tempera-
areasilica (Fig. 2b), the cobalt oxide phase seems to be mordures a thicker layer was formed.

uniformly distributed on the support surface in the form of The SAED patterns from nearly all studied samples, re-
agglomerated drop-like and linear structures, cracked into gardless of the reduction temperature applied, show the pres-
smaller ones. Note the morphological differences betweenence of both fcc and hcp Co phases (Table 2). In Fig. 5, as
the supports. In Fig. 3, the TEM images of both Co/Siat- an example, the SAED patterns of the Co/S®0 cata-
alysts reduced at 400, 700, and 9@for 20 h are shown. lyst reduced at 450 and 83C are shown, where both Co

In the samples reduced at 400 and 700 metal particles  phases are present. This is in contrast to the XRD results,
are agglomerated in grape-like structures for the Co/SIO where only the Co (fcc) phase was found. At reduction tem-
390 catalyst (Fig. 3a), while the Co/Si@35 Co particles peratures up to 500, some surface oxidation of Co also
are rather uniformly distributed all over the support surface occurs, since the CoO phase could be also identified in the
(Fig. 3d). The cobalt particle sizes did not show any re- SAED patterns.

markable differences after reduction at 400 and 00T he Table 2 presents the influence of the reduction tempera-
reduction of both catalysts at 99Q led to the growth at  ture on the cobalt particle sizes and phase composition of
cobalt particles (Figs. 3c and 3f) in line with BET surface both catalysts studied, obtained by using TEM and XRD
area decreasing. In Fig. 4 a TEM micrograph of the CofSiO  methods. Data on Co dispersion calculated from TEM are
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catalyst samples which would be expected if the Co-Si solid
solution or cobalt silicides were formed. The magnetic mo-
ment of C8 atoms in the samples of both catalysts reduced
at 400°C is equal to about 1.71gu The data in Table 3
confirm the total reduction of cobalt species in the catalysts
in the whole range of reduction temperatures applied. The
metal contents for samples reduced at 700 and®@0@ere
higher than those found by standard chemical analysis, and
gave apparentreduction degrees between 107 and 114%. For
these samples the magnetic moment of th8 &om simi-
larly exhibited an apparent growth by the same magnitude.
The correctness of magnetic determination of cobalt con-
tents was additionally verified by chemical titration of cobalt
with a-nitro-8-naphthol. The content of the reduced cobalt
and its reduction degree in the samples studied by mag-
netic measurements were simultaneously determined in the
O2 uptake experiments. The results of magnetic measure-
& ments agree well with oxygen uptake data giving a cobalt
50 nm | . . reduction close to 100%. The samples reduced at different
e temperatures exhibited different resistance to oxidation upon
Fig. 4. TEM micrograph of the Co/Si335 catalyst reduced for 20 h at eXpOSqre to air mamfested by a decrease of magne_tlza_tlon
700°C. Encapsulation of cobalt particles is visible. (see Fig. 6). An especially large change of magnetization
was observed for the catalysts reduced at 3502€5While

also included. For both catalysts, the mean cobalt particle for the samples reduced at 70D this effect was signifi-
size varied only slightly with the temperature of reduc- cantly smaller and nearly negligible for the catalysts reduced
tion. Practically no change occurred up to 8@for the ~ at900°C.

Co/Sik-390 catalyst and up to 70C for the Co/SiQ-

35 catalyst, while at higher temperatures remarkable growth 3.5. Oxygen uptake

was observed. It should be noted, however, that the mean

cobalt particle sizes obtained from TEM, especially for ~ The oxygen uptake results for the reduced Co/silica cata-
lower reduction temperatures, could be slightly different lyst samples are listed in Table 3 together with magnetic
from the true ones, due to partial oxidation of the cobalt par- data. The degree of Co reduction is close to 100%, in the
ticles during passi\/ation and hand”ng on air before TEM temperature range studied, irrespective of the reduction tem-

investigation. perature applied and silica support used. For the samples re-
duced at 700 and 90@, apparent reduction degrees higher
3.4. Magnetic measurements than 100% were found. An important finding is that the oxy-

gen uptakes measured at room temperature for the catalysts
As it is seen from the data in Table 3 we have not ob- reduced at various temperatures differ significantly and de-
served any drop of magnetization of the reduced CofSiO crease with increasing reduction temperature. For the sam-

’
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1,78 A Co B

2,17ACoa

Fig. 5. SAED patterns of the Co/SyB90 catalyst reduced for 20 h at (a) 480 and (b) 850 C.



154

Table 3
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Oxygen uptake and magnetic measurements of reduction degrees of £o&flysts as a function of reduction temperature

Reduction Oxygen uptake Magnetization measurements
temperature Total uptake Uptake at room Co contéht Reduction Magnetization Co contént Reduction
(°C) (umol ggalt) temperature (Wt%) degrée o cat. (Wt%) degree
(% of total) (%) (emugl) (%)

Co/Si0,-390

400 9758 58 854 101 139 857 1003

550 9854 33 - 102 148 8.62 1032

700 10076 15 Q0 1043 149 9.19 1073

900 10810 6.5 9.25 1119 157 970 1136

900 10511 8 91 1088 - - -
Co/Si0,-35

400 5539 61 488 1003 7.9 4.87 998

700 6100 145 532 1105 8.86 546 1119

@ Uptake after correction on the bare support; measured after oxidation €450

b Titrated after oxidation at 450C.

¢ Calculated from experimentally found oxygen uptake and those theoretically predicted, assuming Co content 8.54 and 4.88 wt% fe8908iD

Co/Si0,-35, respectively.

d Estimated fronvs cat. measured (extrapolated), assunigdor pure metallic Co= 162.2 emug.
€ Calculated from Co contents found from magnetization and those from standard analysis.

f Sample handled in air.
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3.6. Hydrogen chemisorption

The results of hydrogen chemisorption for the Co/5iO
catalysts reduced at 400, 550, and 7QCare shown in Ta-
ble 4 together with the activity data. The overall dispersion
and the average Co metal particle size calculated on the ba-
sis of chemisorption data are also given. The results indicate
that overall dispersion decreases with increasing reduction
temperatures for both catalysts studied. However, the dis-
persion as well as the cobalt particle sizes found frogn H
uptake differs considerably from those obtained from TEM
and XRD measurements, especially for the catalysts reduced
at 550°C. For the samples reduced at P@and higher, the
hydrogen chemisorption was unmeasurable.

3.7. Catalytic activity measurements
Fig. 7 shows benzene conversion to cyclohexane as a

function of time on stream at 1P&, measured for the
Co/Si;-35 catalyst reduced at 450 and 5% Some de-

Fig. 6. Magnetization curves versus magnetic field intensity for the gctivation of the catalysts with time on stream occurs, es-

Co/Si0-390 catalyst reduced all( [J) 400, and @, O) 700°C. Filled
symbols represent samples exposed to air and open ones, the catalysts wit

out any contact with air.

ples reduced at 350-50Q, O, uptake amounts to 60% of
the total oxygen needed for @04 formation, whereas for
the samples reduced at 700 and 900t amounts to only

hpecially large during the first 10 min on stream. The effect

was more pronounced for the sample reduced at higher tem-
peratures. A similar change of benzene conversion was also
observed for the Co/Si2390 catalyst. To compare the cat-
alytic activity of both catalysts reduced in the temperature
range of 350-900C and not disturbed by major modifica-
tion of the cobalt particle surfaces, it is reasonable to take
into consideration the activity measured before significant

15% or even 7%, respectively. A more detailed presentation deactivation of the catalysts. Hence, as the initial activity
of the results on oxygen uptake and magnetic measurementsve assumed that measured after 20 min on stream. The true

will be given elsewhere.

initial activities found by extrapolation of the reciprocal of
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Table 4
Hydrogen chemisorption and activity for benzene hydrogenation on

- ) ) 1.0
Co/SiQ, catalysts as a function of reduction temperature

Reduction Hydrogen chemisorption Activity ;":") 08-
temperature Total uptake DispersioRarticle siz8 Reaction rate TOE 4
_ 1 _ T
CC)  (umolgy) (%) D(m) (umolgast) (s 08
Co/Si0-390 E
350 - - - 5% - £ 04-
400 475 6.8 11.8 59 0.62 <
450 - - - 613 - 0.2+
500 - - - 43 -
550 10.0 1.4 67.0 12 0.61 ) ! 1 L . ) A
600 _ _ _ el _ 350 400 450 500 550 600 650 700" 50O 980
700 n.me _ _ n.m. _ Reduction temperature (°C)
800 - - - n.m. - ) ) .
900 _ _ _ n.m. _ Fig. 8. The effect of reduction temperature of the Co/Si@talysts on ben-
zene hydrogenation at 12€; (O) Co/Si%,-390 and () Co/Si0,-35.
Co/Si®-35
igg 220 o4 2o 2222 050 Co/Si®-35 catalyst. It means that the amount of active
450 = ~ o 2m - sites in the high surface area Co catalyst is also higher. The
510 _ _ _ 167 _ turnover frequencies (TOF) calculated on the basis of cat-
550 7.3 1.7 55.9 3 0.63 alytic activity and hydrogen chemisorption data remain con-
600 - - - 09 - stant, within the limit of experimental error (see Table 4, last
700 n.m. - - n.m. — C0|umn)'
800 - - - n.m. -

a 94 Dispersion (i.e., percentage exposed to the surface) calculated from

% D =1.179 X/Wf, whereX = total H, uptake, W =wt% Co, f =1
(i.e., fraction of cobalt reduced to the metal).

b Calculated assuming 12.2 Co atgms¥ for 400°C [25] and 14.6 for
550° [66].

€ Activity after 20 min on stream. Reaction conditions: 1C9 Hp/
benzene ratio 18.75, total flow 75 mjimin.

d TOF (molecules of benzene reacted per surface Co per second).

€ n.m., nonmeasurable.

w
P

Benzene conversion (%)
3 S
T 7 T
/

10 20 30 40 50 60 70
Time (min)

Fig. 7. Benzene conversion versus time on stream for the Cg/S8ata-
lyst reduced at:@) 450°C, mcat= 30 mg, and @) 550°C, mcat= 50 mg.

4. Discussion

The BET surface areas of the catalysts and supports did
not change significantly after various pretreatments at tem-
peratures below 90TC. Thus, the changes in the catalyst
characteristics were not caused by the change in the total
surface area except the catalysts reduced at@08here a
severe decline of the surface areas occurred.

XRD data indicate that the bare supports and the cata-
lysts treated under hydrogen even at 900did not undergo
recrystallization to quartz or crystobalite. This behavior dif-
fers from that observed for catalysts prepared from cobalt
acetate or nitrate where after heating in flowing inert gases
or oxygen, cobalt silicate formation occurred simultaneously
with the crystallization of the same type of silica [43]. Af-
ter impregnation and drying at room temperature both cat-
alysts, as shown by XRD and TEM, did not contain any
crystalline cobalt nitrate phase, probably due to its high
dispersion and/or uniform distribution all over the support
surface. Uniform distribution of the Co(N{» phase and
its migration on the outer surface of silica during the cal-
cination was reported by Castner et al. [69] and recently by

activity to time zero [70,71] reflect the same trend as those Niemela et al. [72]. After heating at 13C in air only the

measured after 20 min on stream.

Coz04 phase was present. Ho et al. [32] and Jongsomijit et

The influence of the reduction temperature on the cat- al. [34] also reported the G®4 formation during heating

alytic activity of all Co/SiQ catalysts studied is shown in

Fig. 8. The activity results are also summarized in Table 4.

Hydrogenation activity of both catalysts increases slowly
with the reduction temperature up to 480 and then sharply

the cobalt nitrate-derived Co/SjCand Coy-Al,O3 cata-
lysts at 100 C for 300 h and 110C for 12 h, respectively.
The mean crystallite sizes of @04 found from XRD and
confirmed by TEM, i.e., about 9.5 and 5 nm for porous and

declines to zero for reduction temperatures equal or highernonporous silicas, respectively, agree well with those usu-

than 600°C. From the results presented it appears that ac-

tivity of the Co/SiQ-390 catalyst is higher than that of

ally reported in the literature for silica of similar porosity
[21,22,32,69,72]. Our XRD data revealed the formation of
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exclusively a Co fcc phase in the catalysts reduced at 350—mean pore diameter of this support. This agrees well with
900°C and passivated at room temperature. However, in situ finding of Castner et al. [13] who reported that the Co parti-
XRD studies [25,73] proved the formation of the Co hcp cle size strongly depends on the mean pore diameter of the
phase also at 350 or even 48D, i.e., above the Co phase- silica support. For low surface area silica such geometrical
transition temperature (42Z). Srinivasan et al. [25] esti-  constraints do not exist; nevertheless, the sizes of cobalt par-
mated the Co hcp:Co fcc ratio as 7:3 for the Co/Stata- ticles remain practically constant up to 700. It seems that
lyst prepared from cobalt nitrate precursors and reduced atstrong interaction with the support maintains the Co parti-
350°C. Enache et al. [73] studying Co/Zs@nd Co/AbO3 cles in place.

catalysts did not detect any metallic Co at 380 whereas The lattice parameter of Co (fcc), measured with the use
at 450°C various Co hcp:fcc ratios were found depending of silicon as an internal standard, for the reduced catalysts,
on the pretreatment. Haddad and Goodwin [45] reported be-showed a decrease of 0.26% as compared to the JCPDS file
sides Co also C®s; and CaO4 formation for the reduced  (15-0806) data (see Table 2). This effect could be due ei-
and passivated 20 wt% Co/Si@atalyst. In our experiment, ther to the Co-Si solid solution formation [75] or to oxygen
some parts of smaller Co particles could be oxidized (see chemisorption [76] since both processes induce a similar de-
oxygen uptake) and escape XRD detection [74]. It can be crease of the lattice parameter. In the case of Co-Si solid
noted, however, that our SAED patterns from nearly all cat- solution formation such lattice contraction could correspond
alysts studied revealed only Co hcp and Co fcc formation, roughly to about 12 at.% of Si in cobalt [75].

and at lower reduction temperatures (up to 50D a small It is known that the magnetic method allows the deter-
amount of poorly crystallized CoO was also detected. The mination of ferromagnetic metal contents [28,77]. It can be
catalysts reduced at higher temperatures exhibited higher re-used also to study alloying [16,78] or solid solution forma-
sistance to oxidation, since no CoO was observed by TEM tion [79], especially when one of the components is ferro-
and XRD. A similar phase composition was also observed by magnetic. If the Co—Si solid solution were formed it should
TEM in thin cobalt films evaporated on a silica support [57]. result in a significant drop of magnetization. Pearsons et al.
The population of Co hcp particles, roughly estimated from [80] reported the drop of a magnetic moment of the cobalt
TEM for both catalysts reduced at 350—4@) was higher atom from 1.71 to 1.62g1and 1.49 g for the bulk solid so-
than Co fcc. At higher temperatures, in agreement with the lution containing 2.26 and 4.57 at.% of Si, respectively. With
Co phase diagram, mainly the Co fcc phase was observedthe C@Si or other silicides formation a drop of magnetiza-
However, for the Co/Si@390 catalyst a single, Co hcp par- tion or even paramagnetism should be observed [80-82]. In
ticle could still be observed by TEM even at 90D, whereas  our study all samples exhibited only ferromagnetic Co be-
for Co/SiG-35 only the Co fcc phase was present above havior (Table 3), which agrees well with TEM and XRD data

700°C (cf. Table 2). showing the cobalt particle sizes above of those predicted for
The cobalt crystallite size determined from XRD and superparamagnetic ones [77]. Also the magnetic moment of
TEM remains nearly unchanged up to P@for Co/SiQ- cobalt atoms equal to 1.7%found for the Co/SiQ cata-

35 and to 800C for Co/SiQ-390 catalysts. However, the lyst samples reduced at 400 exactly matches the literature
intensity of the XRD peak of (111) Co fcc significantly rises data for ferromagnetic cobalt [77]. It is seen that the mag-
with the temperature of reduction, which confirms the grow- netic results presented clearly excluded the possibility of
ing resistance of Co to oxidation. This phenomenon can be Co-Si solid solution formation that lowered the magnetiza-
the explained by cobalt particle encapsulation and/or forma- tion and magnetic moment of Co atoms [80]. Praliaud and
tion of better crystallized cobalt particles more resistant to Martin [79] for Ni/SiO, catalysts reduced at high tempera-
oxygen. In fact, as it was shown by TEM, in the Co/giO ture observed such a decrease of magnetization. The metal
catalysts reduced at 70Q and above, the cobalt particles contents found by the magnetic method confirmed the to-
are covered with a 2—3-nm thick amorphous layer of another tal reduction of Co in all studied samples (cf. Table 3). For
material most probably SiDor SiO, (Fig. 5). Such silica both catalysts reduced at 700 and 900 similarly as in Q
migration is possible and strongly depends on the presenceuptake, apparent reduction degrees higher than 100% were
of water vapor [13,36,56]. Also, our oxygen uptake and mag- found. Such high, apparent reduction degrees, namely 115%
netic measurements confirm the idea of the protective silicafor Co/SiQ catalysts reduced at 65C, and a superpara-
layer formation. On the other hand the migration of silica magnetic cobalt formation were also reported by Barbier et
is intensified because a large change of BET surface areaal. [28] for cobalt/silica catalysts prepared by the ammo-
was observed and an encapsulation of cobalt particles withnia method. They suggested that this effect could be due to
a thicker support layer took place. It might be worth noting the presence of a residual phyllosilicate or silicate contain-
that cobalt particles formed during the cobalt silicate reduc- ing C&?* ions, thus giving the growth of magnetization (the
tion showed a similar resistance to oxidation [43]. The lack magnetic moment of Gd (5 i) is nearly three times as

of sintering of Co particles up to 80C in the case of the  large as that of Cbatoms). However, on the basis of our
Si0,-390 support could be explained as a result of diffusion oxygen uptake and magnetic and chemical titration results,
constraints due to the porosity of the support. The mean di- we claim that this effect is due rather to the support mass
ameter of Co particles (8—10 nm) is nearly the same as theloss via its dehydroxylation and/or partial reduction [48,83].
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Comparing the cobalt contents found from magnetic mea- duced at 700 and 90 consumed about 15 and 7%, re-
surements and oxygen uptake data it appears that at all respectively. Taking into account the negligible change of the
duction temperatures applied we achieve a 100% Co reduc-mean cobalt particle sizes for catalysts reduced at 400 and
tion. Moreover, nearly equal magnitudes of magnetization 700°C, or even at 800C for the Co/SiQ-390 catalyst, it is
found at 77 and 298 K suggests the presence of only a ferro-evident, that there must be some kind of coverage of cobalt
magnetic Co phase, since a lack of temperature dependencearticles, or formation of a surface compound, which stops
of magnetization—typical for paramagnetictdon—was or hinders oxygen penetration into the cobalt particles. For
observed. Some very small support reduction could not be,these samples to achieve faster oxygen consumption during
however, excluded. Magnetic measurements confirmed alsathe uptake experiment it was necessary to raise the tempera-
a grater resistance to oxidation of the samples reduced atiure up to about 180C. Probably in these samples the leak-
higher temperatures observed in this study with other meth- age or diffusion of oxygen into metallic cobalt goes through
ods. the cracks in the silica layer or noncovered part of the par-
Oxygen uptake primarily was used as a tool for deter- ticles surfaces and therefore the growth of the temperature
mination of the degree of cobalt reduction. Unexpectedly, it is needed to significantly accelerate the velocity of diffu-
provided additional information on the resistance of cobalt sion.
particles to oxidation. In order to exclude the possible effect ~ Our Hy chemisorption data show a significant decrease of
of exposure of the reduced catalysts to air we had experi-the Co dispersion and particle size growth with increasing
ments with the samples prepared with and without contact temperature of reduction for both catalysts. For tempera-
with air. Our results showed that these two kinds of the ex- tures higher than 600C the chemisorption of hydrogen was
periments give essentially the same results. This could bepractically nonmeasurable (Table 4). However, our TEM and
interpreted as an evidence of the lack of any substantial re-XRD data indicate that fHichemisorption is a rather inappro-
duction of the support to Si or SiGspecies highly sensitive  priate method for the calculation of a mean particle size in
to oxygen. The @ uptake data showed that reduction with cobalt/silica catalysts reduced At> 500°C. On the other
hydrogen for 20 h at 35TC was sulfficient for the total re- hand it is a good measure of the number of cobalt atoms
duction of cobalt in both Co/Si©catalysts. It agrees well  or surface area available to the reaction. Thechemisorp-
with the results of Hercules and co-workers [32] and Cast- tion change seems to follow the change observed for cat-
ner et al. [69] who reported the complete Co reduction in alyst activity in benzene hydrogenation. The mean cobalt
the catalysts at 350-40C. The samples reduced at 700 particle size and dispersion determined on the basis of hy-
and 900C revealed an oxygen consumption higher than drogen chemisorption, at least for Co/Si€atalyst reduced
100%; i.e., the apparent reduction degreesr{@asured/Q at T > 450°C, should be considered as “apparent” or “ef-
theoretically calculated on the basis of standard chemicalfective” rather than as real ones. Reuel and Bartholomew
titration) varied between 104 and 112% (cf. Table 4). This [67] also suggested that at higher reduction temperatures
could be due to the support mass loss caused by severavhen strong metal-support interaction occurs, tptake
dehydroxylation and/or its partial reductionzddak et al. measurement do not reflect the true Co surface area and
[83] analyzing thermogravimetric profile have shown that particle size. NeverthelesspHhemisorption is commonly
silica heated from 200 up to 110Q releases water loos- used for determination of Co dispersion and crystallite size,
ing 3.49 wt% of its mass. Oxygen consumption higher than and the decrease of;Hhemisorption is most likely inap-
100% should also be expected in the case of partial re-propriately interpreted as the effect of the agglomeration of
duction of the support. Also the formation of the Co-Si cobalt particles [85]. The suppression of Ehemisorption
solid solution, assuming its oxidation to &oy and SiQ, is, as discussed above, the result of SMSI effect. Benzene
could also force the higher oxygen consumption; however, hydrogenation was also proposed as a method for metal sur-
this possibility was excluded. In fact, the cobalt titration in face area measurements, especially in the systems in which
these samples performed directly after oxygen uptake exper-support-metal interactions are expected to occur [71]. How-
iments revealed Co contents higher than that obtained fromever, we could not use this method, because of significant
standard analysis in the initial samples, thus confirming the deactivation of the catalysts (Fig. 6).
severe support mass loss during the reduction. This means We found that activity of Co/Si©@390 catalyst was
that simple reoxidation at 45@ is insufficient to restore  slightly higher than the Co/Si235. It is due to the fact
the initial formula of the catalyst (cf. Table 3). Kunimori et that the increase in the support surface area led to some
al. [84], however, have shown that a Pt/3i@atalyst, re- improvement of the metal dispersion found also by H
duced at 500C, in the SMSI state was able to restore its chemisorption. The activity of both catalysts first increased
initial formula and chemisorptive properties when treated slowly reaching a maximum for reduction temperature of
under oxygen at 400C. Samples of Co/SiPreduced at  450°C, and then sharply declined to zero for about 600
350-500C and then exposed to oxygen at room tempera- The lower activity of the samples reduced at 350-4D0
ture consumed up to 60% of the oxygen needed fay@z0 was probably caused by the different Co hcp and fcc phase
formation. For the range 550-600 the G consumption population. The average number of the exposed Co atoms is
was about 33-35% of the theoretical one. The samples re-11.3 and 14.8mr? for hcp and fcc phases, respectively [67].
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A decrease in the amount of active Co metal sites avail- ter reduction at 300C and almost inactive after reduction at
able for reaction was accompanied by a decrease .0f H 500°C. The change of activity was interpreted, however, as
chemisorption (cf. Table 4). The TOF for hydrogenation of the effect of Co agglomeration. Decrease of activity has been
benzene, calculated from the total hydrogen chemisorption,observed also for Ni/Si@catalysts reduced at high tempera-
was the same for both Co/Si@atalysts reduced at 400 and tures [79,90]. On the other hand, Ruckenstein and Wang [4]
550°C and nearly independent of the silica used. It is likely observed that 12 wt% Co/Siratalyst reduced at 90C
that this finding confirms that the hydrogenation of benzene was active in C@ reforming of methane even at 9900. It
on Co/SiQ catalysts is a structure-insensitive reaction, sim- seems that the conditions of the reduction, especially water
ilarly as on other metals [3,62], with particle sizes similar vapor removal, strongly influence the final catalyst activ-
to those used in this study. Literature data on the reaction ofity.
benzene with hydrogen on cobalt catalyst are rather scarce The possible cobalt-silica interactions—as it was pointed
[6-8,59,60,86] and we were not able to find other TOF data out in Introduction—may be of various origins. The first
to compare with ours. Taylor and Staffin [6] found that the one, i.e., cobalt hydrosilicate/silicate formation, can be ex-
specific activity of benzene hydrogenation on supported Co pected during the first stage (impregnation, drying, calcina-
is independent of the particle size and support material (sil- tion) of cobalt catalyst preparation. This effect is claimed to
ica, alumina, silica-alumina). Iglesia et al. [87] found that be a reason for the lowering of the degree of cobalt reduc-
hydrocarbon synthesis (FT) on supported Co was also pro-tion. This type of interaction is avoided in our experiments,
portional to metal dispersion and almost independent of the since 100% Co reduction was achieved even at’8®\p-
support. parently mild calcination treatment adopted here does not
As a possible explanation for the decrease of specific ac-induce strong interaction of the cobalt phase with silica sup-
tivity of both catalysts, the sintering of Co particles due port [32]. The second type of interaction is claimed to be
to the reduction af” > 500°C cannot be considered (see induced by metallic cobalt via activation of the chemisorbed
Table 2). The changes in the activity are not caused by in- hydrogen (spillover effect), which may reduce the support
complete Co reduction, because all Co present on both sup+to Si atoms consecutively reacting with Co and forming the
ports was reduced to the metallic state, as was confirmedsolid solution or even silicides. Our SAED, XRD, and mag-
by the @ uptake and magnetic results. The data of Ta- netic results did confirm neither Co-Si solid solution nor
bles 2 and 4 indicate that only a part of the Co detected Co,Si formation at least in measurable quantities. However,
by XRD and TEM was available for hydrogen adsorption. oxygen uptake data do not exclude a partial reduction of the
This observation and decrease of the catalytic activity sug- support to SiQ species. The cobalt particles encapsulation
gest that reduction af > 500°C induces enhanced inter-  with migrating silica or partly reduced support moieties can
action between the cobalt and the silica support, probably be considered as a third type of a metal support interaction.
involving migration of the SiQ support onto the reduced The silica migration may be induced and strongly influenced
Co particles. Zadeh and Smith [88] also observed signifi- by water vapor, which is a by-product of the reduction of
cant differences in dispersion as estimated by XRD apd H oxidic form of Co. As an additional source of water in the
chemisorption for the Co/SifOcatalyst and attributed it to  system, especially at higher temperatures of reduction, the
the decoration of Co by Si¥J Ho et al. [8] reported for ti- dehydroxylation of silica can be considered which can also
tania supported cobalt, that decoration effects decreased thaccelerate the silica migration. The silica migration onto Co
activity in benzene and CO hydrogenation. The decrease ofcan also explain the rather high resistance of Co particles
activity for benzene hydrogenation was also observed for theto sintering, as the migrating silica species can reinforce the
Pt/SiQ, catalyst reduced at 50€ and was explained by Co-SiQ interface forming a stabilizing framing at the bot-
some degree of encapsulation of the platinum particles by tom side of Co (a kind of glue). In the case of porous system,
the silica support [89]. For the catalysts reduced at°@D0 the pore-stabilizing effect could additionally reinforce this
or above, a drastic decrease of activity and suppression ofinteraction. At temperatures 700°C, severe dehydroxyla-
H> chemisorption was observed. Results may be explainedtion and/or reduction of the support occurs, as evidenced by
by the complete decoration of Co particles by Si@ by abnormally high apparent reduction degrees and the inabil-
electronic effects on cobalt due to the partial reduction of ity of restoring the initial state of the catalyst by the simple
the support. The decrease of catalyst activity due to the for- reoxidation at 450C as confirmed by chemical analysis of
mation of Co-Si solid solution or Co silicides, as stated the reoxidized samples. The cobalt contents found were still
above, is excluded. In an earlier paper [60] we have found higher than that in the initial sample (cf. Table 3, oxygen
that O treatment of the Co/Si©35 catalyst reduced at uptake). We suppose that in our study the last mechanism
600°C followed by a low-temperature reduction was not of cobalt deactivation, i.e., cobalt crystallite decoration or
capable of restoring the hydrogenation activity of the cata- encapsulation with migrating silica, prevailed and mostly
lyst. This finding and the present data confirm the strong significant at temperatures 500-9@ The silica liability
influence of the support on the activity of both catalysts toward the water vapor described above can be expected also
studied. Niemel& et al. [85] reported that the Co(N)/SiO in other metal/silica systems and is under study in our labo-
catalyst was the most active for toluene hydrogenation af- ratory.
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interaction of the oxidic cobalt phase with silica carriers,

both high and low surface area, and thus prevents irreversible

cobalt deactivation. It yields a reduction degree of Co close Appendix A
to 100% and produces a medium dispersed cobalt phase.

2. The mean size of cobalt particles remains stable in a  Inour earlier TEM study of Co/Si®35 catalysts reduced
very broad range of temperatures and metal sintering oc-at or above 700C [59], we have suggested on a basis of mi-
curred at temperature higher than P@for low surface crodiffraction from few small Co particles the possibility of
area silica and 800C for porous, high surface area silica. Co,Si formation. However, the microdiffraction patterns ob-

3. Reduction with hydrogen in the temperature range of tained could be ascribed to the faulted Co particles. On the
350-900C produces fcc Co and, to a lower extent, hcp basis of the present study, where a large number of samples
Co phases. For the high surface area silica scarce Co hcrand a variety of methods were applied, we thought that the
particles were observed even after the reduction a®@00  hypothesis of Co-Si solid solution as well as,Soforma-

Formation of Co—Si solid solution or G8i silicide, postu-
lated in our earlier paper [59], was not confirmed at least, in
the detectable quantities.

4. At 500-600C, migration of the support species onto
Co particles, probably induced by water vapor presence,
leads to a partial covering of the cobalt particle with a hardly

tion should be ruled out.

In Ref. [59] by mistake, we specified as the object
of investigations the Co/Si£2390 (XOA-400) instead of
Co/Si;-35 (XOB-15).

visible adlayer. This process causes a rapid decrease oReferences

chemisorption and catalytic activity of Co metal and grow-
ing resistivity to oxidation when exposed to air.

5. At 700°C, besides the silica migration, also a par-
tial loss of the support weight, probably due to the intense
support dehydroxylation and/or reduction, is observed. The

process manifests a higher than 100% apparent reduction

degree of Co accompanied with a total loss of catalytic activ-
ity and chemisorptive capacity. Surface decoration of cobalt
particles with a layer of migrating Silor SiO, species is
easy visible in TEM.

6. At 900°C, severe damage and weight loss of the sup-

port take place accompanied by cobalt sintering and a deep

encapsulation of cobalt metal crystallites by the collapsing
support. In this state the catalyst was barely sensitive to ex-
posure to air.

7. It appears that the use of hydrogen chemisorption for
determination of the dispersion and mean particle size of
cobalt is limited to temperatures lower than 3@) because
for higher temperatures, due to the encapsulation of Co crys-
tallites by migrating support, the obtained results can be
unreliable.

8. Magnetic and oxygen uptake results indicate that at
temperatures higher than 700 besides strong silica dehy-
droxylation, also some support reduction probably t0,SiO
occurs. However, the formed protective silica layer, sup-
pressing totally the chemisorption and catalytic activity, is
not fully oxygen proof and allows the partial leaking of oxy-
gen into Co crystallites.
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