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Abstract—This paper isfocused on the physico-chemical and catalytic properties of Co/SiO, catalysts. Silica-
supported cobalt catalysts were prepared by sol-gel and impregnation methods and characterized by BET mea-
surements, temperature programmed reduction (TPR,y,), X-ray diffraction (XRD), and thermogravimetry-mass
spectroscopy (TG-DTA-MS). The sol-gel method of preparation leads to metal/support catalyst precursor with
a homogenous distribution of metal ions into bulk silica network or on its surface. After drying the catalysts
were calcined at 500, 700, and 900°C. The reducibility of the supported metal oxide phases in hydrogen was
determined by TPR measurements. The influence of high temperature—atmosphere treatment on the phase
composition of Co/SiO, catalysts was investigated by XRD and TG-DTA-MS methods. At least five crystallo-
graphic cobalt phases may exist on silica: metallic Co, CoO, Co;0,, and two different forms of Co,SiO, cobalt
silicate. Those catalystsin which cobalt was chemically bonded with silica show worse reducibility as aresult
of strongly bonded Co-O-Si species formed during high-temperature oxidation. The TPR measurements show
that agradual increase in the oxidation temperature (500-900°C) leadsto adecrease in low-temperature hydro-
gen reduction effects (<600°C). The decrease of cobalt oxide reduction degree is caused by cobalt silicate for-
mation during the oxidation at high temperature (T < 1000°C). The catalysts were tested by the reforming of
methane by carbon dioxide and methanation of CO, reactions.

1. INTRODUCTION

Cobalt supported catalysts have found widespread
applicationsin industrial processes such as hydrogena-
tion and hydrotreating. The most common application
is Fischer-Tropsch synthesis (long chair hydrocarbon
production) [1, 2]. They areaso active in the following
reactions. hydrogenation of aromatic compounds[3, 4],
cobalt monoxide [5], hydroxylation of hydrocarbons
[6], the reductive amination of alcohols using ammonia
[2, 7] hydrosulranization [8], dehydrogenation of
alkanes in oxidative atmosphere [9, 10], convertion of
methane to syngas [11], to higher hydrocarbons [12,
13], and the isomerization of hydrocarbons[14].

The selectivity and activity depend on the support
[15, 16], methods of preparation, pretreatment condi-
tions, extent of cobalt reduction [17, 18], the reaction
conditions, the oxide promoter (TiO,, rare earth oxides
etc.) and themetal promoter (Cu, Ru etc.) [19], and also
the interaction between metal or metal oxide and sup-
port [18, 20]. For example, the activity and selectivity
of Co/SiO, catalysts obtained by reacting Co,(CO)q
with silica differ considerably from those of solids pre-
pared from cobalt (1) nitrate impregnation [21, 22].

The interaction of cobalt particles with support has
been the subject of many studies[1, 5, 20, 23-26]. The
reducibility of cobalt catalysts depends on the kind of
support (eg., SIO,, Al,O3). Especially at low cobalt con-
centrations the reducibility of Co/SiO, catalysts is
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higher than Co/Al,O; catalysts [2, 15, 16]. Cobalt is
known to combine chemically with alumina forming
compounds resistant to the reduction of cobalt alumi-
nates[17, 18]. Although, silicais considered to be more
inert than alumina the formation of cobalt silicates has
been recently reported [24, 27, 28]. The main factors
conditioning the formation of silicates on Co/SiO, cat-
alyst are cobalt content and surface area of silica [9],
the kind of cobalt precursor (CoCl,, Co(NO3),, Co-ace-
tate) [21, 29], and conditions of catalyst preparation
and calcination [16, 17, 29, 30].

The sol-gel process is a useful method for prepara-
tion of organicaly and simultaneously coordinatively
modified catalysts. The use of the=Si—-C=bondisarea
sonable way to combine chemically organic and inor-
ganic components of catalyst precursor [28, 31]. In this
way there exists a possibility to lead in any functional
group (in our case—(CH,);NH, group) into an inor-
ganic network [21, 29]. The cobalt ion creates coordi-
nation crosdinking points with amino groups in the
organically modified silicate xerogels. The sol-gel
method of preparation leads to metal/support catalyst
precursor with ahomogenous distribution of metal ions
into bulk silicanetwork or on its surface.

In thisstudy the influence of preparation methodson
the physico-chemical and catalytic properties of cobalt
supported catalysts was investigated. The catalysts
were prepared by two methods: sol-gel and impregna-
tion of silicain water. Thiswork describes temperature
programmed reduction (TPR) of cobalt oxide/silicacat-
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Fig. 1. TPRH2 profiles for Co30,4 and 3%Co/SiO, impreg-

nated catalyst oxidized at: 500°C, 1 h (curves 1, 2); 700°C,
0.5 h (curve 3); and 900°C, 0.5 h (curve 4), respectively.

alysts in hydrogen atmosphere and X-ray powder dif-
fraction (XRD) investigations of phase composition.
The examined catalysts were also tested in dry reform-
ing of CH, and methanation of CO, reactions.

2. MATERIALS AND METHODS

All the chemicals used were of guaranteed-reagent
grade. Cobalt (I1) nitrate Co(NO3), - 6H,0 (FlukaA.G.)
and akoxysilanes as tetramethoxysilane Si(OCHj;),
(@b. B) and 3-aimnopropylotrimethoxysilane
H,N(CH,),Si(OCHj;); (abb. A) (Aldrich Co), were used
to prepare the animated xerogel surfaces coordinately
modified with cobalt (11) nitrate. Commercial silicagel
from the Merck (BET surface 364 m? g2, pore volume
2.3 cm? g1) was used to prepare the impregnated cata-
lysts.

The cobalt catalysts were prepared by the sol-gel
and impregnation methods. In the case of the sol-gel
procedure the cobalt was introduced both in the bulk
and on the surface of silicaxerogels. In the surface case
the aminated silica xerogels were first prepared by sol-
gel method. In the next stage Co?* ions from aqueous
solution were chemisorbed by aminated xerogels. In
this way cobalt (II) complexes with amino groups on
silicasurface were generated. In the bulk case Co?* ions
areintroduced at the sol stage of preparation. Hydroly-
sis and polycondensation reactions produce a bulk
organic-inorganic xerogel containing a metal complex.
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The impregnated Co/silica catalysts were also prepared
by the conventional impregnation of SiO,, using appro-
priate water solutions of cobalt (11) nitrate. Cobalt con-
tent in the catalysts was 3% in both cases. Details of the
preparation procedure were described in paper [32].

Themogravimetric measurements were carried out
in an oxidative atmosphere using TG-DTA-MS
method. Thermobalance SETSY S-1600 (SETERAM)
and a quadrupol e mass spectrometer Thennostar (Bal z-
ers) were used. A linear heating rate of 10°C mint in
the temperature range 20—-1000°C was used. The sur-
face area of the samples was determined by Sorp-
tomatic 1900 (Carlo Erba) using low-temperature nitro-
gen adsorption. Temperature programmed reduction
(TPR) investigation was carried out using AMI-1 Alta-
mira Instrument. The samples of the fresh catalyst
(0.2 g), prior to the TPR measurementswere calcined at
500°C for 1 h, 700 and 900°C for 0.5 h in 10% O,
90%Ar gas stream. The oxidized samples were
reduced in a 10% H,—90% Ar gas flowing stream
(50 cm® min). Katharometer was used as a detector.
X-ray diffraction (XRD) measurements were per-
formed with a porycrystalline D 5000 Siemens X-ray
difractometer. It was operating with ascanning speed of
0.03° per 10 s. Diffraction patternswere recorded in the
range of 20 = 0°-80°, using nickel—filtered CuK, radi-
ation.

The cobalt/silica catalysts were tested in the reac-
tions of the dry reforming of methane and methanation
of carbon dioxide. The catalytic reactions were carried
out under atmospheric pressure in aflow system, using
avertical quartz tube (8 mm diameter) as areactor. The
molar ratio of the reactant gasesin the dry reforming of
methane reaction was CH,/CO, = 1: 1 and the flow rate
of gas mixturewas 70 ccm/min. In the case of the meth-
anation reaction the molar ratio of reactant gases was
H,/CO, =5: 1 and the flow rate of the gas mixture was
50 cm¥/min. Co/SIO, catalyst samples (0.1 g) were
tested in the temperature range 300-900°C. At given
temperature the sample was stabilized 30 min in the
stream of reactants prior to activity measurements.

3. RESULTS AND DISCUSSION
3.1. TPR Measurements

Theinfluence of oxidation temperature on TPR pro-
filesfor Co/SiO, catalysts prepared by various methods
is presented in Figs. 1-3. The processes of reduction
take place in a wide temperature range from 200 up to
1100°C. TPR profiles differ considerably depending on
the method of preparation and the oxidation tempera-
ture.

One common feature of TPR profiles of sol-gel cat-
alysts after oxidation at 500°C for 1 h is the desorption
effect usually observed in the temperature range 500—
700°C (Figs. 2, 3). Thisdesorption effect was attributed
to the evolution of carbon dioxide and was experimen-
tally confirmed by using a mass spectrometer as a
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Fig. 2. TPRHz profilesfor 3%Co/SiO, catalyst (sol-gel “in

bulk”), oxidized at: 500 (1), 700 (2), 900°C (3), respectively
(1h).

detector. Only in the case of impregnated catalyst does
the oxidation at 500°C lead to a carbon free cobalt
oxide/silicacatalyst. In this case, sol-gel methods much
longer than 1 h oxidation at 500°C or a higher temper-
ature of catalyst calcination is required to completely
remove any carbon residues. The reoxidation at 500°C
removes this effect entirely (compare curves1 and 2in
Fig. 3). Contrary to our results, Ernst et al. [33]
reported that atemperature of 550°C issufficient for the
entire decomposition of cobalt supported catalyst pre-
cursors prepared by sol-gel method.

The TPR measurements show that a gradual
increase in the oxidation temperature (500-900°C)
leads to a decrease in the low-temperature hydrogen
reduction effects. Calcination at 500°C leadsto the for-
mation of Co;0, phase [17, 34, 35]. Ernst et al. [36]
suggest that two types of structures could be present on
the surface, Co,0, as well as Co,SiO,. Their sugges-
tions are based on the similarity with the Co/Al,O, sys-
tem, where the CoAl,O, spinel can be readily formed
[17, 18]. Potoczna-Petru et al. [4] confirmed the pres-
ence of small crystallites of Co,0O, on the surface of the
catalyst calcined in air at 550°C.

The reduction profile of unsupported Co;0, shows
two heavily overlapped peaks with their maxima
located at about 350 and 450°C, respectively (curvelin
Fig. 1). The deconvolution procedure of this profile
strongly suggests that hydrogen reduction of Co;0,
takes place as a two stage process in the temperature
range 200-600°C according to equations:

C0304 + Hz I 3COO + Hzo, (I)
CoO + H, — Co + H,0. In

The TPR profiles for 3% Co/SiO, impregnated cat-
alyst after its oxidation at 500°C is similar to that rep-
resenting bulk Co;0, (compare curves 1 and 2 in
Fig. 1). The alternative explanation based on a bimodal
distribution of small and large cobalt oxide crystallites
on silica surface was postulated [26]. The first peak
would correspond to the reduction of large particlesand
the second one to those small particles. In order to ver-
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Fig. 3. TPRy, profiles for 2%Co/SiO, catalyst (sol-gel “on
surface”) oxidized and reoxidized at: 500, 700, 900°C (1 h);
curves 1, 3,5and 2, 4, 6, respectively.

ify such an interpretation, the independent TG-DTA-
M S method of bulk Co;0, reductionin 5% H,—95% Ar
stream was applied and appropriate results are pre-
sented in Fig. 4. Both the TG and DTG curves confirm
atwo step reduction of Co;0, phase. Thefirst TG mass
drop of 6.7% and the second one of 20.1% are in
good accordance with theoretical values predicted
by Egs. (1) 6.6, (I1) 19.9%, respectively. Also, DTA
curve and MS profiles representing hydrogen uptake
(m/z = 2) and water evolution (m/z = 18) confirm the
reduction pathway Co;0, —= CoO — Co[25, 34, 37].

As can be seen from Fig. 1 (curve /) and Fig. 4, the
reduction of bulk Co;0, to metallic Co isaccomplished
up to 600°C but in the case of sol-gel catalysts the high
temperature reduction effects were also observed in the
temperature range 600-1000°C. The TPR peak ca.
800°C would be ascribed to the reduction of strongly
interacting CoO,—SiO, species, wheresas the low tem-
perature reduction is characteristic only of cobalt oxide
phase weakly bonded to silica surface. Because the
high temperature reduction effects (above 500°C) dom-
inate, one can anticipate that only asmall part of Co;0,
phase is not involved in strong interactions with the sil-
ica support.

Thisweakly bonded Co;0, phase almost disappears
after the oxidation at 900°C (Figs. 1-3). The mgjor part
of cobalt oxide phase is reduced in the temperature
range above 600°C and is attributed to strongly inter-
acting with the silica surface CoO,~SiO, phase (600—
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Fig. 4. Thermogravimetric TG-DTA-MS reduction of bulk
Co30, in the 5%H, —95% Ar stream: (&) TG (1), DTG (2),
and DTA (3); (b) changes in the amounts of H,O and H,
according to mass spectrometry.

800°C), or it forms a cobalt silicate phase reducible in
the temperature range 800—1000°C. The considerable
decrease in reduction effects after oxidation at 900°C
strongly suggests that a significant part of the cobalt

Table 1. Degree of CozO, reduction versus oxidation tem-
perature

Catalysts e 1) of recuchion (%]

3% Co/SiO, 500 80
(nitrate) impregnated 700 75

900 30
2% Co/SIO, ) 500 -
(sol-gel “on surface”) 700 64

900 38
2% ColSO, 500 -
(sol-gel “in bulk”) 700 o5

900 30
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oxide phase does not participate in redox cycling form-
ing nonreducible cobalt silicate 2CoO + SiO, —~
Co,Si0, [20, 29, 38]. Kogelbauer et al. [28] reported
that silicates were formed from metal and silica. Many
factors (the nature of SiO,, the cobalt content, prepara-
tion method, and precursor salt) can influence the
strength of the interaction between the cobalt oxide
phase and the silica. Thus severa types of cobalt sili-

cates with a spinel structure like Co3' SiO, and

Co;', Coy' Siy,0, (Co™ in an octahedral site) have
been postulated [26]. Puskas et al. [27] observed the
formation of the cobalt species, which can be reduced
above 700°C. Rosynek and Polansky [30] reported the
influence of the SiO, support on the reducibility of sup-
ported cobalt oxide phases. They also observed that the
reduction of cobalt oxide to metallic cobalt occurs in
several steps and it is not complete at 900°C, and the
XPS study confirmed the formation of various oxida-
tion states of cobalt.

These studies clearly showed the influence of prep-
aration methods on the reducibility of cobalt catalysts
with the same cobalt content (ca. 3.0%). The sol-gel
method leads to the formation of cobalt oxide phase
strongly interacting with silica support after the oxida-
tion of catalyst precursor at 500°C and such interac-
tions would be explained taking into account the
homogenousinitial distribution of cobalt ionsin the sil-
icanetwork or on its surface. For the impregnated cata-
lyst, the highly resistant or non-reducible cobalt oxide
phases are formed during high temperature oxidation
(700-900°C).

The influence of oxidation temperature on the
degree of cobalt oxide phase reduction is shown in
Table 1. The degree of reduction was cal culated by inte-
gration of the surface areaunder TPR profiles presented
in Figs. 1-3 and compared to the area of known volume
of hydrogen pulse and the stoichiometry of the reduc-
tion was based according to the following reaction:

C0304 + 4H2 — 3Co + 4H20 (III)

The reducibility of the impregnated Co/SiO, cata-
lyst (30-80%) was relatively high in comparison with
other catalysts. The increase of oxidation temperature
leads to the considerable lower reducibility of Co/SiO,
catalysts. Such behavior seems to confirm the forma-
tion of non-reducible cobalt silicate phase during the
catalyst oxidation at 900°C. More than 70% of sup-
ported cobalt wasinevitably incorporated into the silica
network.

The influence of Co/SIO, catalyst oxidation and
reoxidation on TPR profilesis presented in Fig. 3. The
surface complexation of cobalt ions on animated silica
surface should lead to atomically dispersed cobalt spe-
cies on the silica surface. After oxidation at 500°C the
formation of surface CoO,~Si0, speciescould beantic-
ipated. As can be seen in Fig. 3 the bimodal cobalt
oxide distribution is evident. The relatively small
No. 2
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reduction effect (200-600°C) can be assigned to
Co;0, — Co reduction. Whereas the major reduction
takes place in the temperature range 600-1000°C and it
represents the reduction of CoO,~SiO, surface species
(curve 3in Fig. 3). Thereoxidation of thissample at the
same temperature (curve 4 in Fig. 3) resultsin aconsid-
erable change in the distribution of the cobalt oxide
phase. The enhancement of the low temperature reduc-
tion peak and considerable shift to lower temperatures
for the high temperature reduction effect clearly indi-
cates that the redistribution of cobalt oxide phase takes
place during the first TPR run. The sintering in hydro-
gen at 1000°C seemsto beresponsiblefor the changein
cobalt oxide distribution leading to cobalt oxide, which
is not as strongly stabilized by the silica surface as it
was in the course of the first oxidation step. Because
such behavior is not observed for oxidation and reoxi-
dation at 900°C, the significant incorporation of Co**
ions into silica bulk seems evident at this temperature
(compare Table 1).

The influence of pretreatment conditions on TPR
profiles for impregnated 3% Co/SiO, catayst is pre-
sented in Fig. 5. Temperature programmed decomposi-
tion in argon stream is represented by curve 1 and
reflects the reduction effects taking place above 600°C
for CoO phase strongly bonded to silica surface and
cobalt silicate surface phase reduction. Curves 2 and 3
represent TPR profiles after the oxidative temperature
programmed decomposition in O,—Ar stream up to
900°C. Cooling the sample in an argon stream leads to
the reduction effect assigned only to cobalt silicate sur-
face phase reduction. Whereas cooling in an O,—Ar
stream results in additional reoxidation of cobalt lead-
ing to CoO phase formation. The low temperature oxi-
dation of Co/SiO, sample precursor at 500°C is repre-
sented by TPR profile as curve 4 in Fig. 5. Both weakly
bonded Co;0, and strongly bonded CoO and Co,SiO,
phases reduction effects are clearly visible in this fig-
ure.

3.2. The XRD Sudies

The influence of sample pretrestment conditions on
XRD profiles for Co;0, aone and 3.0 wt % Co/SiO,
catalyst (prepared by impregnation method) is pre-
sented in Fig. 6. The XRD spectrum of bulk Co;0, after
2 h oxidation at 600°C in oxygen stream and subse-
guent TPR run up to 900°C is represented by curve 1
which is amost entirely consistent with the literature
pattern characteristic of fcc Co metal crystalline phase.
The appearance of CoO phasetracesis caused by cobalt
metal reoxidation during cooling of the reduced sample
in an argon atmosphere. XRD profiles of Co/SiO, sam-
ples are characterized by a broad diffraction band with
maximum intensity at 26 = 22° and with aconsiderable
tailing towards higher diffraction angle characteristic of
amorphous silica.
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Fig. 5. The influence of pretreatment conditions on TPR
profiles for 3% Co/SiO, catalyst samples. (1) After TPDec
in Ar stream up to 900°C; (2, 3) after TPDec in O,~Ar
stream up to 900°C and cooling in Ar and O,—Ar stream,
respectively; (4) after TPDec in O,—Ar stream up to 500°C
and cooling in O,—Ar stream.

Additionally, depending on the pretreatment condi-
tions sharp diffraction reflections characteristic of crys-
talline CoO, Co;0,, Co,Si0,, and Co metal phases are
observed (curves 2—4 in Fig. 6). The oxidation of
Co/SiO, sample at 600°C leads to crystalline Co;0,
phase dispersed on silicasurface (curve 2). Oxidation at
a still higher temperature of 900°C results in Co;0,
phase decomposition and transformation into CoO and
cobalt silicates crystalline phase (curve 3). The oxida-
tion at 600°C and subsequent reduction up to 900°C
leads to metallic phase and another non-reducible
cobalt silicate crystalline structure (curve 4). The exist-
ence of non-reducible cobalt silicate phase in the dis-
persed Co/SiO, system may serve as an independent
XRD experimental explanation of the observed consid-
erable decrease in dispersed cobalt oxide reducibility
on silica surface (compare Table 1). The calculated
decreasein Co;0, reduction degree after high tempera-
ture oxidation cannot be entirely explained on the fol-
lowing scheme of phase transformation: Co;0, —
CoO — reducible Co,Si0O,. Such an approach would
lead to 25% lower reducibility. At over 70% lower, the
calculation of values of reduction degree strongly sug-
gest the non-reducible Co,SiO, cobalt silicate forma-
tion. One can infer that more than 50% of the cobalt
may form this kind of silicate. Despite the numerous
data referring to Co/SIO, system some problems still
remain unresolved. According to Jablonski et al. [38]
total reduction of cobalt can be achieved at 900°C. Our
catalyst containing 3 wt % Co after oxidation at 900°C
shows the coexistence of cobalt silicate and CoO
phases (curve 3 in Fig. 6) and TPR profiles for these
phases are represented as curve 4 in Fig. 1 and curve 5
in Fig. 3. In this case the degree of cobalt reduction is
about 30% of total reduction (Table 1) and can be
assigned to transformation of CoO into non-reducible
Co,Si0,. This process is rather common during high
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Fig. 6. The influence of pretreatment conditions on XRD profiles for bulk Co30, and supported 3% Co/SiO, samples: (/) Co304
after 2 h O, at 600°C and TPR run up to 900°C; (2, 3) 3% Co/SiO, after 2 h O, at 600 and 900°C, respectively; (4) 3% Co/SiO,

after 2 h O, at 600°C and TPR run up to 900°C.

temperature oxidation of Co/SiO, system and seems to
be confirmed by Ernst et al. [36] and others[24, 27, 28].

3.3. Reforming of Methane by Carbon Dioxide

The effect of the method of cobalt catalysts prepara-
tion on the activity in dry reforming of methane as a
function of reaction temperature is presented in Fig. 7.
The 2-3% Co/SiO, catalysts show rather poor activity
after calcination and reduction at 500°C (Fig. 7a). This
fact, reflecting the existence of non-reducible phase of
cobalt strongly interacting with the support is responsi-
ble for small concentration of metallic cobalt sites on
the silica surface. The activity of these catalysts
increases significantly after hydrogen reduction at
700°C (Fig. 7b).

The impregnated catalyst appeared the most active
one, while the catalysts obtained by the sol-gel process
exhibit lower activity. A reduction temperature of
900°C (Fig. 7c) practically does not change the activity
of the impregnated catalyst, but sol-gel catalysts activ-
ity decreased about 50%. The conversion of CH, and
CO, and activity of cobalt catalysts in reaction of dry
reforming of methane at 800°C is shown in Table 2.
Higher conversion of CH, is equal to 23% for the
impregnated catalyst. Similar results were obtained by
Rodriguez and coworkers[39, 40]. They provided com-
parative studies of various catalysts in the same reac-
tion. The conversion of CO, is higher than the conver-
sion of CH,. This phenomenais probably caused by the
reverse WGS reaction:

C02 + H2 — CO + H2O, (IV)

taking place simultaneously with the dry reforming
reaction. This reaction causes consumption of CO, and
increases the efficiency of reaction to carbon monoxide
formation.

3.4. Methanation of Carbon Dioxide

The strong influence of Co/SiO, catalyst precursor
on the methanation activity is presented in Fig. 8. The
samples were pretreated in an oxygen stream at 500°C
for 1 h and subsequently reduced in a hydrogen stream
for 1 h at the same temperature. The order of Co/SIO,
catalyst methanation reactivity is Co(NOs), > Co (sol-
gel, surface) > Co (sol-gel, bulk) and seems to reflect
the reducibility of these catalysts. As can be deduced
from Figs. 14, the formation of cobalt metallic phase
in the course of hydrogen reduction at 500°C should
follow an analogical pattern. Thus, one can infer that
strong cobalt-silica (Co—O-Si) interaction does not
enhance the activity of Co/silica methanation catalysts.
The low methanation activity for 3 wt %Co/SiO, cata-
lyst prepared by sol-gel method and cobalt surface
complexation is caused by favorable formation of
cobalt silicate phase, which is not active in this reac-
tion.

The effect of pretreatment procedure on methana-
tion activity for Co/SIO, catalyst is presented in Fig. 9.
From three pretreatment procedures at 500°C: reduc-
tion, reduction following oxidation, and oxidation, the
first procedure results in the most efficient catalyt,
whereas the last one gives very poor catalyst. Such an
approach reflects the different state of the catalyst sur-
face. One can anticipate complete reduction of cobalt
oxide phase leading to highly dispersed metallic crys-
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Fig. 7. The influence of Co/SiO, catalysts preparation on
the dry reforming of CH, selectivity. The catalyst was pre-
treated in oxygen 2 h at 500°C and reduced in hydrogen 1 h:
(a) at 500, (b) at 700, (c) at 900°C. (1) Supported 3%
Co/Si0,, (2) sol-gel 2% Co/SiO, (on the surface),
(3) sol-gel 3% Co/SiO, (in the bulk).

tallites on the silica surface after reduction. Lower
degree of cobalt oxide reduction and lower dispersion
of metal can be envisaged after oxidation and subse-
quent reduction. In the case of oxidation aone, poor
reduction of the catalyst is being developed in reaction
conditions. The applied Co/silica catalysts were not
very selective for methane formation. They were much
more selective in the partial reduction of CO, towards
carbon monoxide. The influence of the catalyst precur-
sors on the selectivity to carbon monoxide is presented
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Fig. 8. Influence of Co/Si0, catalyst precursor on methana-
tion selectivity. The catalyst was pretreated in oxygen 1 h at
500°C and reduced in hydrogen 1 h at 500°C. (1) 3%
Co/SiO, (impregnation); (2) 2% Co/SiO, (sol-gel, on the
surface), (3) 3% Co/SiO, (sol-gel, in the bulk).
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Fig. 9. Influence of the pretreatment of Co/SiO, impreg-
nated catalyst on methanation selectivity. (1) Reduced in H,
at 500°Cfor 1 h, (2) oxidized and then reduced, (3) oxidized
in O, at 500°C for 2 h.

in Fig. 10. The same trend was observed as for metha-
nation activity (compare Fig. 8).

For Co/Si0, catalyst the selectivity of CO, hydroge-
nation to CH, is comparable to the selectivity towards
CO at atemperature lower than 450°C (compare Figs. 8
and 10). At still higher temperature the formation of CO
excessively predominates the formation of CH,. Such
temperature behavior of a Co/SIO, catalyst can be
expected on the basis of thermodynamic equilibrium
conditions [41]. The strongly exothermic methanation
of CO, becomes unfavorable above 500°C whereas the
dlightly endothermic formation of CO becomes favor-
able above 600°C. Also, thereforming of CH, with CO,
to synthesis gas, being strongly endothermic, may serve
as a possible explanation of CH, disappearance and
increasing CO evolution [42]. Many authors strongly
suggest that CO, hydrogenation proceeds via CO
hydrogenation [43-48]. The high temperature of CO
formation seems to be little affected by carbon deposit
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Table 2. Conversion of CH,, CO, and activity of cobalt catalystsin reaction of dry reforming of CH, at 800°C
Pretreatment Conversion of [%)] Activity
Catalysts TESP-E L:c[)?é] o o [umoleCO/g cat g
4 )

3% Co/SiO, (Impregnated) 500/500 0.3 1.0 8.75
500/700 23.0 27.0 69.30
500/900 22.0 255 65.75

3% Co/SiO, (sol-gel “in bulk™) 500/500 0.2 0.6 4.77
500/700 9.0 105 27.12
500/900 35 10.0 24.95

2% Col/SiO, (sol-gel “on surface”) 500/500 0.3 0.8 6.73
500/700 17.0 19.0 49.30
500/900 9.0 18.0 41.10

on Co/SiO, catalyst surface but the excessive carbon
deposition leads to rapid deactivation of Co/SiO, cata-
lyst in methanation of CO,. Very significant fractions of
CO are produced on Co/SIO,, Ni/SiO, and especialy
on Fe/SIO, [49, 50]. The relatively low methanation
activity of Co/SIO, catalysts is attributed to the low
content of metallic cobalt on the silica surface, strong
metal-support interaction induced during preparation,
and/or pretreatment procedure.
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Fig. 10. Influence of Co/SiO, catalyst precursor on the car-
bon monoxide selectivity. The catalyst was pretreated in
oxygen 1 h at 500°C and reduced in hydrogen 1 h at 500°C.
(1) 3% Co/SIO, (impregnation); (2) 2% Co/SiO, (sol-gel,
on the surface); (3) 3% Co/SiO, (sol-gel, in the bulk).

The dispersion degree of active phase, thermal sta-
bility aswell asitsreducibility strongly depends on the
method of preparation, type of precursor and prelimi-
nary trestment. These factors have a great influence on
the activity of examined catalysts in the hydrogenation
of carbon dioxide to methane and carbon monoxide.

CONCLUSIONS

Despite the complexity of the TPR process one can
conclude that cobalt oxide/silica system reducibility
does depend on the method of catalyst preparation.
Those catalysts in which cobalt is chemically bonded
with silica show worse reducibility as a result of
strongly bonded Co-O-Si species and cobalt silicate
phase formed during the high-temperature oxidation.
The TPR measurements show that agradual increasein
the oxidation temperature (500-900°C) leads to a
decrease in the low-temperature hydrogen reduction
effects. The decrease in cobalt oxide reduction degree
is caused by non-reducible cobalt silicate formation
during the high temperature treatment of Co/SiO, sys-
tem. For low loaded Co/SiO, system, the cobalt oxide
phase chemically interacting with the silica surface is
responsible for its low activity. Both reactions: metha-
nation of CO, and dry reforming of CH, with CO, are
catalyzed by metallic Co phase. The catalyst activity
and selectivity are strongly influenced by the catalyst
pretreatment conditions and the method of its prepara-
tion.
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