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Abstract

The effect of cobalt precursor and pretreatment conditions on the structure of cobalt species in silica-supported Fischer—Tropsch (FT) cat-
alysts was studied with a combination of characterization techniques (X-ray diffraction, UV-visible, X-ray absorption, X-ray photoelectron
spectroscopies, DSC-TGA thermal analysis, propene chemisorption, and temperature-programmed reduction combined with in situ magnetic
measurements). The catalysts were prepared via aqueous impregnation of silica with solutions of cobalt nitrate or acetate followed by oxida-
tive pretreatment in air and reduction in hydrogen. It was found that after impregnation and drying cobalt exists in octahedrally coordinated
complexes in catalysts prepared from cobalt nitrate or cobalt acetate. Decomposition of the octahedral complexes results in the appearanc
of Coz04 crystallites and cobalt silicate species. Cobalt repartition between crystallg@4,Gmd the cobalt silicate phase in the oxidized
samples depends on the exothermicity of salt decomposition in air and the temperature of the oxidative pretreai®eotyallite is the
dominant phase in the samples prepared via endothermic decomposition of supported cobalt nitrate. Significantly higher cobalt dispersion
is found in the catalyst prepared via low-temperature cobalt nitrate decomposition. The uncovered enhanced cobalt dispersion is associatet
with lower cobalt reducibility. The high exothermicity of cobalt acetate decomposition leads primarily to amorphous, barely reducible cobalt
silicate. A more efficient heat flow control at the stage of cobalt acetate decomposition significantly increases the concentration of easy
reducible CgQ; in the oxidized catalysts and the number of cobalt metal active sites after reduction. The catalytic measurements show that
FT reaction rates depend on the number of cobalt surface metal sites; a higher concentration of cobalt metal sites in the catalysts preparet
from cobalt nitrate or with the use of soft cobalt acetate decomposition results in higher catalytic activity in FT synthesis.
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1. Introduction value-added long-chained hydrocarbons, which can be used
for the manufacture of diesel or transportation fyglsr].

The current interest in Fischer—Tropsch (FT) synthesis  Itis known that the catalytic conversion of carbon monox-
has largely been driven by the growing demand for clean ide occurs on cobalt metal sites situated on the surface
fuels and the utilization of remote sources of natural and of cobalt metal particles dispersed on a porous support. It
associated gad—5]. Supported cobalt catalysts have been has been shown that the FT reaction rate is a function of
particularly attractive for the conversion of synthesis gas to poth cobalt dispersion and reducibility. Higher concentra-

tions of cobalt metal sites typically favor higher FT reac-
¥ Corresponding author. Fax. +33 3 20 43 65 61. tion rates[6-10]. The hydrocarbon selectivities generally
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gquence with deviations, which are likely to be attributed to sis, propene chemisorption, and temperature-programmed

the secondary reactions (olefin readsorption, oligomeriza- reduction (TPR) combined with in situ magnetization mea-

tion, cracking, isomerizatiorjp,7,10] surements. The characterization results are discussed, to-
Conventional cobalt FT catalysts are prepared via aque-gether with the results of an evaluation of catalytic perfor-

ous impregnation of porous oxide supports (silica, alumina, mance in FT synthesis with a fixed-bed microreactor.

titania, etc.) with solutions of various cobalt sdlfs9-11]

After decomposition of supported cobalt salts via calcina-

tion in an oxidizing atmosphere, the catalysts are reduced2 Experimental

in hydrogen. Because of a higher surface area, porosity, sta-

bility and weak metal—support interaction, silica has been

especially convenient for the design of cobalt FT catalysts

for fixed-bed reactorfl1]. A weak cobalt support interac- o

tion in silica-supported catalysts promotes high cobalt re- ~ C0balt catalystsfable 1) were prepared via incipient

ducibility but, on the other hand, favors agglomeration of wetness impregnation with aqueous solutions of cobalt ni-

supported cobalt particles. A solid-state reaction betweentrater_r(:,_r cobalt acetate. Cab—osnl M-5 fumed ?'I'&ﬁ = I
silica and cobalt oxides could also result in mixed oxide 214 nt/g) was used as a catalytic support in all catalyst

(cobalt silicate)12—16} which should be avoided, since it Préparations. Before impregnation Cab-osil M5 was ag-
does not catalyze FT synthesis. Minimization of the concen- 910merated by wetting and dried at 373 K. The concentra-
tration of barely reducible cobalt silicate and maximization t°NS of the impregnating solutions were calculated to obtain
of cobalt metal dispersion would therefore result in a better 1070 cobaltin the final catalysts. After impregnation the cat-
catalytic performance. Previous repdit3—19]have shown alysts were dr'?d qvernlght in an oven at 363 K Then they
that cobalt metal dispersion in the final catalysts is usually Weg;scilclpﬁd n a||rﬂow at te:ngelra;ucr:esA ra_mglpg fr:om 273
affected by CgO4 dispersion in the oxidized catalyst pre- _to - 1he catalysts were labele ~oAniont, where An-
CUISOrS. ion (N = nlt_rate or Ac_= acet:_:lte) designates a cobalt salt
Our earlier works[20-24] show that catalyst porosity used in the impregnation arfdindicates the temperature of
seems to be one of the properties needed for the design the oxidative pretreatment. After oxidative pretreatment the
FT catalysts with a desired metal dispersion. It was found catalysts were reduced in a flow of hydrogen at 673 K for S h.

that in the catalysts prepared by impregnation with cobalt ni- The tratez of ;emtperature ri\mp:jng ‘?'m‘%””g the O?d.al\tlv%;[reat-
trate within a wide range of cobalt surface densities, cobalt min Itan ;e ;JC "t)r? wertel r;m Ymin, respe(;: kl)veyt. e b
dispersion was largely influenced by the porous structure of cobatt content In the catalysts was measured by atomic ab-

the support. Larger and easily reducible cobalt particles Weresorptlon at the "Service Ce_n_tral d'Analyse du CNRS (V_er-
detected in wider pore supports. naison, France). The specific surface areas and porosity of

This paper focuses on the effect of cobalt precursor :he Ox'd'éed czta-talystfhm;re]re mea?:tZEdBtg_llow'iﬁg erature ni-
and the conditions of catalyst pretreatment on the struc- rogen adsorption wi euseotthe me e 9.

ture of cobalt species and their catalytic performance in

silica-supported FT catalysts prepared via impregnation with 2.2. X-ray diffraction

aqueous solutions of cobalt nitrate or acetate. At the dif-

ferent stages of their preparation (from aqueous impregna- X-ray powder diffraction patterns were recorded with a
tion through calcination and reduction), the catalysts were Siemens D5000 diffractometer and Cy{Kradiation. The
characterized by X-ray diffraction (XRD), UV-visible spec- average crystallite size of G0, was calculated according
troscopy, X-ray photoelectron spectroscopy (XPS), X-ray to the Scherrer equatioj25], with a (440) peak at@=
absorption spectroscopy (XAS), DSC-TGA thermal analy- 65.344°.

2.1. Catalyst preparation

Table 1

Characterization of cobalt silica supported catalysts

Catalyst Cobalt BET surface Size of CgOy4 Icoy, /Isi, Relative concentration Propene
content area crystallites ratio (XPéj) of metallic cobalt in the chemisorption
(wt%) (m2/9) from XRD in the oxidized reduced catalysts from XPS (umol/g)

(nm) sample8 (%)

CoN373 985 128 <9.6 222 20 174

CoN423 985 180 123 0.68 60 261

CoN673 985 185 200 0.33 65 221

CoAc443 952 163 — 2.45 26 129

CoAc493 952 - — 2.0 - 75

CoACc673 952 162 — 1.63 11 12

a ICOZp/ISin ratios were, respectively, 2.45 and 3.35 in the impregnated and dried catalysts prepared from cobalt nitrate and cobalt acetate.
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2.3. UV-visible spectroscopy

Diffuse reflectance UV-visible spectra for catalysts and
catalyst precursors were obtained under ambient conditions
with a Varian-Cary 4 spectrophotometer, with BaS&3 a
reference.

2.4. DSC-TGA

Simultaneous differential scanning calorimetry and ther-
mogravimetric analysis were carried out in a flow of air at a
heating rate of 1 Kmin with a DSC-TGA SDT 2960 ther-
mal analyzer. The sample loading was typically 10-15 mg.

2.5. X-ray absorption

X-ray absorption measurements were carried out at the 42
beamline in L.U.R.E., Orsay (France), with synchrotron ra-
diation from the DCI storage ring running at 1.85 GeV, with
an average current of 250 mA. The XAS data were taken at
room temperature in air in the transmission mode through
a Si (111) channel cut monochromator, with the use of two
ionization chambers for X-ray detection. We calibrated the
monochromator by setting the first inflection point of the
K-edge spectrum of the Co foil at 7709 eV. The time required
to measure an X-ray absorption spectrum (7600-8400 eV)
was about 25 min.

XANES spectra obtained after background correction
were normalized by the edge height. After cobalt atomic ab-
sorption was subtracted, the extracted EXAFS signal was
transformed without phase correction frotnspace tor
space k2, Hanning window) to obtain the radial distribution
function (RDF).

Crystalline C@0Og4, CoO, Co foil, anda- and g-cobalt
silicate were used as standard compounds for XANES and
EXAFS data analysis. GO®4 has a spinel structure with
Cc?t ions in tetrahedral coordination and €oin octahe-
dral coordination. CoO has a NaCl-type structure in which
all Co atoms are situated in an octahedral environment.
Three polyforms of CgSiO4 are known[28]; in all of them
Co atoms are located in a distorted octahedral environment.
The «-form has an olivine (orthorhombic) type structure
with the following average coordination distances for the
first three shells: 6 Co0, 2.07 to 2.23 A; 1.5 Co-Si, 2.72 to
2.81 A; and 3 Co—Co, 3.0t0 3.22 A. More information about
the coordination of cobalt in G®4, CoO, andx-cobalt sili-
cate is available from previous repof24,26,27] The 8 and
y forms of cobalt silicatg28] represent spinel-like (wads-
leyite) and spinel structures, respectively, with average coor-
dination distances for the first three shells of 2.05-2.15 A
(6 Co-0), 2.88 to 3.09 A (6-6.5 Co—Co), and 3.28 to
3.40 A (5.2-6 Co-Si}15]. The XANES spectra and moduli
of the Fourier transform of EXAFS of the reference com-
pounds are presented kigs. 1la and 1bThe good crys-
tallinity of all reference samples was previously confirmed
by XRD [15,27]
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Fig. 1. XANES spectra (a) and moduli of Fourier transform of EXAFS (b)
of the reference compounds: €9y (1), CoO (2),«- (3) andB-cobalt sili-
cate (4).

2.6. XPS

Surface analyses were performed with a VG ESCALAB
220XL spectrometer. The Al-kKnonmonochromatized line
(1486.6 eV) was used for excitation with 300-W of applied
power. The analyzer was operated in a constant pass energy
mode Epass= 40 eV). Binding energies were referenced to
the Si 2p core level (103.6 eV) of the Si®Gupport. The re-
producibility was+ 0.2 eV for Co 2p binding energy. The
vacuum level during the experiment was better than’ Fa.

The powdered catalyst was pressed as a thin pellet onto a
steel block. In situ reduction was carried out in pure hydro-
gen at 673 K for 5 h in the reactor cell of the preparation
chamber attached to the analysis chamber of the spectrome-
ter. Then the reduced sample was transferred to the analysis
chamber of the spectrometer; the preparation and analysis
chamber were linked hermetically. The sample was trans-
ferred from the preparation to the analysis chamber under
vacuum without exposure to air.

The experimental Co 2p XPS spectra of the catalysts were
normalized by the intensity of Si 2p line. To avoid any cal-
ibration problems due to the XPS spectrometer, thg2p
2p3/2 spin-orbital splittings and intensity of satellite struc-
tures were used in addition to the absolute Co 2p binding
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energies, for the analysis of XPS data. The particle sizes ofoperating at 463 K under atmospheric pressure. The thermo-
Co species in the oxidized and reduced catalysts were esti-couple was in direct contact with the catalyst. The reaction
mated with the Kerkhof—=Moulijn mod¢23,29]. design permitted measurement of the temperature along the
catalyst bed; no heat spot was detected in the catalyst bed
2.7. Combined in situ magnetic measurements and TPR  during the FT reaction. Carbon monoxide conversion was
o o lower than 10% in all experiments.

We made in situ magnetization measurements and ob-  The catalyst was crushed and sieved to obtain catalyst
tained temperature-programmed reduction profiles by pass-grains 0.05-0.2 mm in diameter. The catalyst loading was
ing 5% H/Ar gas mixture through the catalyst while in- ypically 0.5 g. The samples were reduced in hydrogen flow
creasing the temperature at a linear rate. The experimentsyi 673 K for 5 h. After the reduction, a flow of premixed
were carried out in the reactor, which was simultaneously synthesis gas with a #ACO molar ratio of 2 was passed
a vibrating magnetometer ceB0]. This setup allows in  gyer the catalysts. The carbon monoxide contained 5% ni-
situ monitoring of sample magnetization during standard trogen, which was used as an internal standard for calcu-
temperature-programmed experiments. All quantitative in- |ating carbon monoxide conversion. To avoid possible con-
formation about the concentration of the cobalt metal phase yensation of the reaction products, the gas transfer lines
was extracted from magnetic measurements. The TPR,yere constantly heated. Gaseous reaction products were an-
curves were used only for the qualitative analysis of cobalt alyzed on-line by gas chromatography. Analysis ef 8O,
reducibility; they were normalized to unity. COy, and CH, was performed with a 13X molecular sieve

The amount of samples for all experiments was about colymn and a thermal conductivity detector. Hydrocarbons
30 mg. The gas flow velocity was 30 pmhin; the rate of  (c,_C,) were separated in 10% CP-Sil5 on a Chromosorb
temperature ramping was 12/Kin. These conditions were  \wHp packed column and analyzed with a flame-ionization
used to satisfy the commonly used TPR critgBi]. The re-  getector. Analysis of lighter paraffins and olefinsi{Cy)
duction gas mixture was purified with the use of water and \yas carried out with an HP-PONA capillary column. The
oxygen traps. _ _ hydrocarbon selectivities were calculated on a carbon basis.

Because of the high Curie temperature of Co, the magne-Tpe Anderson—Schulz—Flory (ASF) chain growth probabil-
tization of the sample is proportional to the amount of the ties were calculated from the slope of the curveshyn)
metallic cobalt in the sample up to 673-773%2,33} At versusz, wheren is the carbon number arg is the selec-
higher temperatures the data were corrected by a standarqlivity for the G, hydrocarbon. The chain growth probability
pro_cedure based on the dependence of saturation magnetiyas calculated for the £Ci6 hydrocarbon range. The FT
zation on temperature. The amount of reduced cobalt wasyeaction rate is expressed as cobalt-time yield (in moles of

estimated by approximation magnetization-field dependenceconyerted CO per second divided by the total amount of
of the sample at room temperature to the infinity field. cobalt (in moles) loaded into the reactor).

2.8. Propene chemisorption

o 3. Results
The number of surface metal sites in the catalysts was

evaluated by propene chemisorption in a pulse reactor. Af- 3.1. Impregnated and dried catalysts

ter reduction in pure hydrogen at 673 K for 5 h, the catalyst o _

(0.1 g) was cooled and purged with He at 323 K. Pulses of _ UV—V|S|_bIe spec_tra for cobalt n|tr.ate and cobalt acetate
propene (0.1 ml) were introduced into the flow of He. The imPregnation solutions are shownfiings. 2a and 2bThey
relative number of metal surface sites was estimated from theP0th exhibit a broad band at 510 nm, which, in agree-
amount of chemisorbed propene. No propene chemisorption1ent with previous report{34-36} was assigned to the
was observed on pure silica support. This method provides  119(F) = “T1g(P) transition in octahedral h'gh_'SP'_n o _
only relative information about the concentration of cobalt Complexes. The broad band at 510 nm remains intense in
metal sites. Note that no assumption was made about thethe impregnated and dried samples. This suggests that cobalt

stoichiometry of propene chemisorption or about the ab- keeps predominantly an octahedral coordination after depo-
solute number of cobalt metal sites in the reduced cobalt Sition from cobalt acetate or cobalt nitrate solutions on the
catalysts. silica surface. In addition, a weak band of absorption at 730

Analysis of the reaction products was performed using "M is observed in the spectra of dried samples.(2a,
gas chromatography with a Chrompack PLOT (KCH®4) curve 2), which _rmght be dugs5,37] to the presence of_
semi-capillary column. The pulse experiments were com- & low-concentration CGs4 phase generated by cobalt ni-

pleted, when the detector showed no propene chemisorption rate hydrolysis. The UV-visible data are in good agreement
with X-ray absorption measurements. The XANES spectra

2.9. Catalytic measurements for the catalysts prepared from both cobalt nitrate and ac-
etate are similar to the spectra for the corresponding salts

Carbon monoxide hydrogenation was carried out in a (Figs. 3 and % In both cobalt nitrate and cobalt acetate
fixed-bed stainless-steel tubular microreactfy; & 9 mm) salts and in the catalysts after impregnation and drying, the
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Fig. 2. UV-visible spectra of cobalt precursors and silica catalysts prepared
using impregnation with cobalt nitrate (a) and cobalt acetate (b): impreg-
nating cobalt nitrate solution (1), silica after impregnation with cobalt ni-

Fig. 3. XANES spectra (a) and moduli of Fourier transform of EXAFS
(b) of calcined silica supported catalysts prepared using impregnation with

trate and drying (2), CoN373 (3), CoN673 (4), impregnating cobalt acetate cpbalt nitrate: pulk cobalt nitrate (1), silica after impregnation with cobalt
solution (5), silica after impregnation with cobalt acetate and drying (6), MNitrate and drying (2), CON373 (3), CoN423 (4), CoN673 (5), and bulk

CoAc443 (7), CoAc493 (8), and COAC673 (9). Co304 (6).

Fourier transform moduli of EXAFS exhibit an intense peak weight loss and heat flow curves exhibit several inflections
at 1.62-1.65 A, which is probably due an oxygen octahe- at 323-473 K, which are probably due to the endothermic

dral environment of cobalt atoms. The X-ray absorption data 0SS Of water molecules in the cobalt hydrate shell and to
suggest, therefore, that in the first coordination shell cobalt the decomposition of the nitrate or acetate anions. The heat
atoms are probably surrounded by six oxygen atoms. flow curves show that decomposition of cobalt nitrate was

Co 2p XPS data are shown fig. 5 They are also e_ndothermic, whereas decompgsition of cobalt acetate was
consistent with the results obtained by UV-visible and highly exothermic. Decomposition of supported cobalt ni-
X-ray absorption spectroscopies. The intense satellite struc-Iraté occurs at 423 KHg. 6a). Decomposition of supported
ture [38,39] and high energy of the XPS Co 2p peaks co'balt acetate proceeds at sllghtly_ higher temperatures
(782.6 eV) indicate the presence of Coions in the im- (Fig. 6b); the principal heat flow peak is located at 493 K.

pregnated and dried catalysts prepared from cobalt acetate C0304 IS the product of decomposition of both pure
or nitrate. cobalt nitrate and cobalt acetate salts in air (DSC-TGA

Thus the characterization results suggest that after depo-CUrves not shown). Previous repo§] showed that the de-
sition on silica and drying, cobalt is present mostly a8'Co composition pf cobalt nitrate proceeds with the release of
ions at the octahedral coordination close to that in the im- Nitrogen dioxide, water, and oxygen:
pregnating cobalt nitrate and acetate solutions. 3Co(NG)2 - 6H,0 — C0o304 + 6NO, + O2 + 18H,0.

Like the profile of the catalysts prepared from cobalt ac-
etate, the TGA profile of the pure cobalt acetate salt exhibits
3.2.1. Decomposition of cobalt nitrate and cobalt acetate  a weight loss at 323—423 K, probably because of the loss of

Fig. 6 presents curves for DSC-TGA in air for the cat- hydrate water molecules. The DSC curve shows an exother-
alysts prepared from cobalt acetate and cobalt nitrate. Themic peak at 517-520 K. In agreement with previous data

3.2. Oxidative pretreatment of catalyst precursors
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[41,42] the observed exothermic peak could be attributed
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Fig. 5. Co 2p XPS spectra of calcined catalysts prepared using impregna-
tion with cobalt nitrate (a) and cobalt acetate (b): silica after impregnation
with cobalt nitrate and drying (1), CoN373 (2), CoN423 (3), CoN673 (4),
reference CgO4 sample (5), silica after impregnation with cobalt acetate

and drying (6), CoAc443 (7), CoAc493 (8), and CoAc673 (9). The XPS
spectra are normalized by the intensity of Si 2p line and offset for clarity.

to acetate combustion, which leads to the release of carbon

dioxide and water:

3Co(CH;COO), - 4H,0 + 12.50
— C0304 + 12CQp + 21H,0.

As was shown earligjd1], the strong exothermic effect

3.2.2. Cobalt species in oxidized CoN catalysts

The structure of cobalt species in the catalysts prepared
from cobalt nitrate and cobalt acetate, which were calcined
at different temperatures, was characterized by UV-visible

is caused by an autocatalytic oxidation due to the generationspectroscopy, XRD, XAS, and XPS.

of cobalt oxide during cobalt acetate decomposition.

The scarcity of information about the extent of hydration
of supported cobalt ions makes it difficult to evaluate the
stoichiometry of decomposition of cobalt nitrate and cobalt

In all calcined catalysts prepared from cobalt nitrate,
XRD reveals the presence of a £{& crystalline phase
(Fig. 7). Much broader XRD peaks indicate smallersOa
crystallite sizes in the samples calcined at lower tempera-

acetate in the impregnated and dried catalyst precursors. Thdure (CoN373, CoN423). The diameters of3Cq crystal-
estimations show, however, that some of the water moleculeslites calculated from the width of the (440) diffraction peak
from the cobalt hydrate shell have already been lost during are shown inTable 1 The diameter of CgD4 crystallites
drying of the impregnated samples in an oven; the weight increases with an increase in the calcination temperature

losses of both silica-supported cobalt nitrate (experimen-
tal weight loss 16%) and acetate (experimental weight loss

12%) were considerably loweFigs. 6a and 6jthan those
that could be expected from the decomposition of fully hy-
drated Co(NQ@)2 - 6H20 (theoretic weight loss 29.4%) and
Co(CHsCOOY), - 4H,0 (theoretic weight loss 24.7%) com-
plexes.

from 373 to 673 K.

The near-edge X-ray absorption spectrum of CON373 re-
sembles that of the bulk cobalt nitrateid. 3a). This sug-
gests a similar local coordination of cobalt in CoN373 and
in bulk cobalt salt. The Fourier transform modulsgy. 3b)
was different, however, from that of bulk cobalt nitrate. It
presents a broad peak at 1.45-1.7 A, which is likely to be at-
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Fig. 7. XRD patterns of oxidized cobalt catalysts prepared from cobalt ni-

trate or cobalt acetate: CoN673 (1), CoN423 (2), CoN373 (3), CoAc673 (4),
CoAc493 (5), and CoAc443 (6). The XRD patterns are offset for clarity.

tributed to several CoO coordination shells. The large width
of the peak probably suggests the presence of a mixture of
cobalt oxides and nitrates in the CoN373 catalyst and agrees
well with UV-visible data.

Oxidative pretreatment at temperatures higher than 373 K
results in significant modifications of X-ray absorption spec-
tra. Fig. 3a shows that the XANES spectra of CoN423 and
CoN673 are almost identical to that of €0y. The moduli of
the Fourier transformFig. 3b) consist of several peaks char-
acteristic of the CgO4 structure. CgO4 has a spinel struc-
ture with C@* ions occupying tetrahedral sites and3Co
occupying octahedral sit¢26]. In agreement with previous
reports, the broad peak at 1.47 A is attributed to CoO coor-
dination for both C&t and Cd* coordination shells. These
two coordination shells are usually not resolved in Fourier
transform moduli[24,27] The overlapped peaks at 2.50
and 3.02 A are attributed to CoCo coordinations irsOg
More detailed information about attribution of the peaks in
the modulus of the Fourier transform of EXAFS of 4Ty
is available in our previous publicatiof$5,24,27] Thus,
in agreement with DSC-TGA results, XANES and EXAFS
data strongly suggest that cobalt nitrate supported on silica
decomposes in air at 373—-423 K. 40 appears to be the
predominant cobalt phase in both CoN423 and CoN673 cat-
alysts.

Co 2p XPS spectra for CoN423 and CoN673 are very
similar to the spectrum for the reference :0a sample
(Fig. 5a). In agreement with previous repoff9,43—-47]
the CgO4 Co 2p/2 binding energies were about 780 eV,
the spin-orbital splittings were 15.1 eV. The spectra of both
CoN423 and CoN673 and the reference;Gp show only
very weak shake-up satellites centered at approximately
789.5 and 804.5 eV, about 10 eV from the main bands, as re-
ported earlief39]. This observation is consistent with X-ray
absorption data (XANES, EXAFS), which suggest the pres-
ence of significant G0, concentrations in the catalysts
calcined at temperatures higher than 373 K. Tbg,/Isiy,
ratio measured from XPS data was lower after calcination at
673 K than at 423 KTable 1. This suggests the presence of
larger C@O4 particles in CoN673. The sizes of €0, parti-
cles calculated for CoN673 and CoN423 with the use of the
Kerkhof—Moulijn model[23,29] were 16.8 and 7.5 nm, re-
spectively, which is consistent with the XRD crystallite size
evaluation made with the Scherrer equatidale ). For
the catalyst pretreated at 373 K (CoN373), the higher energy
of the Co 2p XPS line (782.6 eV) and the intense satellite
structure confirmed the presence of2Cadons, which were
also detected by X-ray absorption spectroscopy.

UV-visible spectra for calcined CoN373 and CoN673 are
presented irFig. 2a. They exhibit two broad bands at 730
and 470 nm. In agreement with previous repd8s,37],
these bands are related to40n species.

3.2.3. Cobalt species in oxidized CoAc catalysts
Oxidative treatment of the catalysts prepared from cobalt
acetate leads to characterization data that are very different
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1.2E-02 1

from those obtained for the catalysts obtained from cobalt
nitrate. Only very low, intense G@, diffraction peaks 10E-02 4 a
were detected in the catalysts prepared from cobalt acetate
(Fig. 7). This suggests a very low concentration of thg Q¢
crystalline phase.

X-ray absorption data for the catalysts prepared from
cobalt acetate are shownfhiig. 4 The XANES and particu-
larly EXAFS are very different for C£04 and the catalysts
prepared from cobalt nitrate. The X-ray absorption data were o
compared with those for reference cobalt silicate compounds ~ **®
and were found to be rather similar to those d6€0,SiO4 008400 _ _ ' _ _ .
with an orthorhombic olivine-type structure. The XANES 323 423 523 623 723 823
spectra for calcined CoAc catalysts andC0,SiO4 were al- Temperature, K
most identical Fig. 4a). The moduli of the Fourier transform
of EXAFS (Fig. 4b) are constituted by a set of peaks at- 40803 !
tributed to CoO, CoSi, and CoCo distances similar to those b
in the silicate olivine structurgl5]. Similar XANES spec- 50E.03 - 08
tra and Fourier transform moduli suggest a similar cobalt
coordination in CoAc samples i+Co,SiO;. It can be sug-
gested, therefore, that during decomposition of cobalt ac-
etate, cobalt ions react with silica, yielding structures similar
to that of orthorhombie-cobalt silicate.

Fig. 5b presents XPS data for the calcined CoAc sam- 1R 02
ples. They exhibit an intense satellite structure centered at
797 and 804 eV characteristic of €oions[39,48,49] the 0.0E+00 ' r . . . 0
orbital splitting was 15.7 eV. The main Co#p peak shifts %3 43 5237 :’23 « G 83
to higher binding energies (782—782.4 eV) relative to the cmperaure
spectrum of the reference €0, sample Fig. 5. It is clear
that the electronic structure of cobalt species present in the c
calcined catalyst prepared from cobalt acetate is very differ- %] [°°
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ent from that of CgO4. Note that the XANES spectrum and  § _ g
EXAFS modulusFig. 4) were also very different from those § 608031 oo £
of the reference Gg, and CoO. This suggests that no no- 3 ¥
ticeable concentration of @G®4 or CoO is present in any § 4.0E-03 1 o4 g
catalyst prepared from cobalt acetate. This finding seems to2 %
be in line with a high concentration of amorphous cobalt sil- 2003 o2 &
icate in the catalyst precursors prepared from cobalt acetate

predicted by XRD and discovered by X-ray absorption. The  ooe+o0 ; . . . . 0

323 423 523 623 723 823
Temperature, K

Icoy,/Isiy, ratio measured by XPS decreases with the cal-
cination temperatureT@ble 1. This suggests migration of
Cd?t ions from the external surface to the interior of silica Fig. 8. TPR profiles and magnetization curves of cobalt catalysts prepared
as the calcination temperature increases. from cobalt n_itrate: CoN373 (a), CoN423 (b), and CoN673 (c) (temperature
UV-visible spectra for CoAc catalysts at 443—-673 K are famp 12 K/min).
shown inFig. 2b. Oxidative pretreatment of the catalyst
prepared from cobalt acetate at relatively low temperature surementsFigs. 8 and 9show that the TPR profiles for
(443 K) leads to the appearance of two broad bands at 450both CoN and CoAc catalyst series are rather complex. They
and 730 nm that are characteristic ofz0q [35,37] This comprise several overlapping peaks, which are probably due
suggests the presence of {0 particles in the catalysts  to the reduction of supported cobalt oxide species. In the cat-
obtained via soft decomposition of cobalt acetate. Decom- alysts precalcined at lower temperatures, some TPR peaks
position of cobalt acetate at temperatures higher than 443 Kmight also be assigned to the decomposition in the presence

does not produce any bands typical ofz0q. of hydrogen of residual cobalt nitrate and acetate species.
Calcination temperature has a significant effect on the
3.3. Co species in the reduced catalysts peak maxima. A lower temperature of decomposition of

cobalt precursor generally leads to the shift of TPR peaks to
Reduction of cobalt species in CoN and CoAc samples lower temperatures. This finding is in agreement with the re-
was followed by TPR combined with in situ magnetic mea- port by van Steen et diL4], who found that low-temperature
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are not associated with an increase in magnetization. This
suggests that those low-temperature TPR peaks are not as-
sociated with the release of any cobalt metal phase; they are
probably due either to the partial reduction ofsCqg to CoO

or to the decomposition of the residual cobalt precursors.
This indicates that no cobalt metal phase is produced be-
low 573 K on cobalt silica-supported catalysts prepared from
cobalt acetate or nitrate. On both CoAc and CoN series, the
cobalt metal phase occurs at temperatures above 573 K. Its
concentration depends on both the initial cobalt salt (nitrate
or acetate) and the temperature of oxidative pretreatment.

A higher magnetization and thus a higher concentration
of cobalt metal phase were observed in the CoN673 catalyst,
which was prepared from cobalt nitrate and was precalcined
at relatively high temperature (673 K). This is consistent
with the dependence of cobalt dispersion in this catalyst on
the calcination temperature and with the presence of larger
cobalt oxide particles detected by XRD. Previous reports
[18,27,50,51khowed that larger cobalt oxide particles sup-
ported on silica could be reduced much more easily than
smaller ones. A much lower concentration of cobalt metal
phase detected in CoAc samplé&sg( 9 is likely to be re-

lated to the presence of larger concentrations of amorphous,
00RH00 > P i i i - barely reducible cobalt silicate.
Temperature, K Additional information about the concentration of cobalt
10802 1 metal species in the reduced samples is available from XPS
c experiments. XPS spectra for the catalysts reduced at 673 K
in pure hydrogen are shown kig. 10 Cobalt metal phase
was identified in the XPS spectra by Co 2p binding ener-
gies (Co 2p,» = 778 eV), spin-orbital splitting (15.0 eV),
and line shapd18,52] The XPS spectra were simulated
with the use of Eclipse software provided by ThermoVG
Scientific. Shirley background subtraction and alignment of
binding energy were carried out for the experimental XPS
spectra. Two sets of linked parameters were used for the
simulation of XPS spectra. The sets of linked parameters
0.0E400 « v . . ] 0 for Co?t and Co metallic species (energy center separation,
323 423 523 623 723 823 width and height ratio, Gaussian/Lorentzian form, asymme-
Temperature, K try) were determined from the XPS spectrum off€dons
Fig. 9. TPR profiles and magnetization curves of cobalt catalysts prepared in the oxidized 10CoAc673 sample and Qspecies in the
from cobalt acetate: CoAc443 (a), CoAc493 (b), and CoAc673 (c) (temper- reference Co metal spectrufd3]. The relative amount of
ature ramp 12 min). Co metal phaseTable 1) was estimated from a fit of the ex-
perimental and simulated XPS profiles.
calcination (473-523 K) of cobalt silica-supported catalysts ~ XPS data confirm the effect of temperature of oxidative
resulted in a higher intensity of low-temperature hydrogen pretreatment on cobalt reducibility observed with the com-
consumption peaks in TPR profiles. In the paper by van bined TPR and magnetic method. Primarily cobalt metallic
Steen et al[14] some of these peaks were attributed to species were detected in the reduced CoN673 and CoN423
the reductive decomposition of residual nitrate ions. In our samples. The Kerkhof-Moulijn model provides the follow-
work the catalysts were precalcined at temperatures lowering sizes for cobalt metal particles: 7.2 nm (CoN423) and
than they were in the study by van Steen. Thus it seems8.4 nm (CoN673). A much lower relative concentration of
even more probable that some of the lower temperature TPRcobalt metal phase was observed in CoN373 catalysts. One
peaks Figs. 8 and Pcould be related to reductive decompo- of the reasons for the lower extent of cobalt reduction in
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sition of nitrate or acetate species. CoN373 could be the presence of smalkOg crystallites,
In situ magnetization measurements appear to be partic-which are less reducible in hydrogen.
ularly helpful in the interpretation of complex TPR profiles. Less cobalt reduction was found by XPS in the catalysts

Figs. 8 and %how that most low-temperature TPR peaks prepared from cobalt acetateig. 1(b, Table J). This obser-
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Co2py,
782.4

Table 2
Catalytic performance of cobalt silica supported catalysts in FT synthesis

Co2py;

7783 Catalyst FT reaction rate SCH, Scs, Alpha
1 @04s™h (%) (%)

CoN373 33 15 67 080
77738 CoN423 37 18 62 085
\ CoN673 29 13 70 078

Normalized intensity

2 .../\___0_,.«-/ CoAc443 o7 18 60 073

s CoAc493 002 17 62 074

COAC673 001 16 70 076
’ l_—-/
I N
7

by both techniquesHigs. 8-10 Table ) suggests the fol-
820 810 800 700 780 70 lowing qualitative order of decreasing cobalt reducibility in
Binding energy, eV the investigated catalysts: CoN6Z3CoN423> CoN373,
CoAc443> CoAc493> CoAc673.
The relative number of cobalt surface metal sites in the
b Copsz reduced catalysts was measured by propene chemisorption
Co2pre 7845 (Table 3. The method confirms a higher concentration of
\ cobalt metal sites in the catalysts prepared from cobalt ni-

1784 trate, which generally undergo more cobalt reduction. The

concentration of cobalt metal sites was higher in CoN423

than in the catalysts precalcined at lower and higher tem-

peratures (CoN373 and CoN673). It is known that the num-

784 ber of cobalt metal sites depends on both cobalt dispersion

\\ and reducibility. A higher concentration of cobalt metal sites
7

Normalized intensity

measured in CoN423 could therefore be attributed to a com-
bination of high cobalt dispersion and good cobalt reducibil-
ity.
70 Table lalso demonstrates that CoAc443 catalyst contains
a higher concentration of cobalt metal sites than other cata-
Fig. 10. Co 2p XPS spectra of catalysts prepared using impregnation with IySts prepared from cobalt acetate. This is consistent with
cobalt nitrate (a) and cobalt acetate (b) reduced in pure hydrogen at 673XPS results, which show a higher relative concentration of
K: CoN373 (1), CoN423 (2), CoN673 (3), CoAc443 (4), and CoAc673 (5). cobalt metal phase in the CoAc443 samligy( 1(b). Better
The XPS spectra are normalized by the intensity of Si 2p line and offset for reducibility of CoAc443 could be assigned to the presence
clarity. of Coz04 phase, which was also identified in this catalyst by
UV-visible spectroscopy (see Sectigrz).

820 810 800 790 780
Binding energy, eV

vation is consistent with the TPR-magnetic data and is prob-
ably due to the presence of a considerable concentration 0f3.4. Catalytic performance of CoN and CoAc catalysts in
amorphous, barely reducible cobalt silicafeg. 1t shows, FT synthesis
however, that the relative intensities of the Ca2pXPS
lines at 777-778 eV attributed to metallic cobalt were higher ~ The evaluation of catalytic performance was carried out
with the CoAc443 catalyst prepared from acetate, which was in a differential catalytic reactor at 463 K; the carbon monox-
precalcined at lower temperaturdsd. 1, curve 4). The ide conversion was lower than 10%. Conversion of carbon
more quantitative data are displayedreble 1 monoxide and hydrogen over CoN and CoAc catalysts leads
Note that somewhat lower concentrations of cobalt metal to a wide range of hydrocarbons and water. The catalytic
phase were measured by the magnetic method relative toactivity decreased slowly during the first hours before attain-
XPS, though the trends in the evolution of cobalt reducibil- ing quasi-steady conditions after 5-6 h of reaction. The FT
ity observed with the two techniques were similar. It should reaction rates and hydrocarbon selectivities were evaluated
be taken into consideration that TPR combined with mag- after 24 h on stream. We calculated the FT reaction rates
netic measurement was carried out with diluted hydrogen (cobalt time yields) from carbon monoxide conversions and
(5% Hy/Ar), whereas the catalysts were reduced in pure gas hourly space velocities; then we normalized the rates by
hydrogen before XPS analysis. Therefore, a lower concen-the number of cobalt atoms loaded in the reactor. The cat-
tration of cobalt metal phase in CoN423 and CoAc samples alytic activity data, together with selectivities for methane
measured by the magnetic method relative to XPS is likely and light and heavier hydrocarbons are liste@able 2
to be attributed to the lower partial pressure of hydrogen in  The reaction rates and hydrocarbon selectivities for the
the TPR measurements. Examination of the results obtainedcatalysts prepared from cobalt nitrate were measured at car-
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= CoN3T3 Co304 were observed by XRD for the catalysts prepared
-0-CoN423 from cobalt acetate. Both XANES spectra and the moduli of
A CoN673 the Fourier transform indicate local coordination of cobalt in

o
)

CoAc samples close to that in orthorhombicobalt silicate
(Fig. 4). The suggestion that amorphous, barely reducible
cobalt silicate is a dominant phase in the catalysts prepared
from cobalt acetate is also consistent with earlier literature
data[14,55]

In the previous work of van Steen et fl4] the impreg-
nation procedure was described by the concept of interfacial
coordination chemistry; a higher concentration of cobalt sil-
3 . s 5 7 s icate discovered after impregnation and calcination of cobalt

Carbon number acetate was attributed to higher pH of the impregnating ac-
etate solution (pH 6-7). It was also suggested that a higher
pH of the impregnation solution could lead to a partial disso-
ciation of silanol groups. Thus, more cobalt complexes can
interact with dissociated silanol groups, and this interaction

lower temperature of calcination of CoN catalysts has only a would lead to a higher concentration 9f cobalt s!hcate. M_lng
et al.[56] showed that the pH of the impregnating solution

slight effect on the FT reaction rate. The chain growth prob- . ) X . i .
9 g P influences the impregnation of silica with cobalt ions. For

ability («) was higher over the catalysts precalcined at lower . . : . .
temperatures (CoN373 and CoN423). These catalysts ex—S!“Ca’ the pH value, defined as the point of zero gharge, IS
hibited a slightly higher methane selectivity, howeg;, situated between 2 and 3.5. Below the pH of the point of zero

selectivity was around 62—-70%. The ratios alefin to charge, the surf_a_ce of silica is positive_ly chz_arged and the ad-
n-parafin measured for £C; hydrocarbons are presented sorption of positively charged coba]t lons is slowed QOwn.
in Fig. 11 Lower olefin concentrations were observed over T.h|s would Igad to the cataly;ts with lower cobalt dlspc_er—
CoN373 and CoN423 catalysts. In agreement with previous sion. At PH higher thaq the point ,Of zero charge, eros,l.tlon
reports[7,54], the ratio decreases exponentially with carbon of cobaltis fg\(ored, Wh'cr_' shou_ld Improve cpbalt d|spersu_)n.
number. This suggests that the rate of olefin readsorption in-t PH > 5, silica gel partially dissolves. This may result in
creases with the chain length. the direct sgpstltunon of silicon atoms by cobalt ions at the
Table 2shows that the catalysts prepared from cobalt ac- Surface of silica. _

etate were much less active in FT synthesis than those from  1he suggestion that a higher pH of cobalt acetate solu-
cobalt nitrate. A lower temperature of oxidative pretreatment 10" leads to the formation of cobalt silicate immediately

of the catalysts prepared from cobalt acetate leads, however2ft€r impregnation is not confirmed by our experimental
to a considerable increase in FT reaction rates. CoAc443data, however. Indeed, XANES spectra and the moduli of the

was more than 10 times more active than the catalysts Ob_Fourier transform of bulk cobalt acetate and cobalt acetate

tained by cobalt acetate decomposition at higher tempera-déposited on the silica surface via impregnation are almost
tures (CoAc493 and CoAc673). Note that because of a muchidentical €ig. 4, curves 1 and 2). UV-visible spectroscopy
lower activity, hydrocarbon selectivities over the catalysts Shows that most cobalt atoms still maintain a octahedral co-
prepared from cobalt acetate were measured at Signiﬁcarmy_ord|nat|on_S|m|Iar to t_hose in cobalt_ acetate soluho_n _after
lower conversions (0.1-2%) than were the selectivities mea-impregnation and dryingrig. 2b). This assumes a similar
sured over the catalysts prepared from cobalt nitrate%). cobalt local coordination in cobalt acetate and impregnated
This was why we made no direct comparison of hydrocar- catalysts.

bon selectivities obtained over the catalysts prepared from It is more likely that cobalt silicate arises not from im-
cobalt nitrate or acetate. pregnation of silica with aqueous solutions of cobalt silicate

but from the exothermal decomposition of supported cobalt

acetate complexes during catalyst oxidative pretreatment.
4. Discussion Indeed, characterization results indicate significant struc-

tural changes that occur during catalyst calcination. XANES

The results show that the nature of cobalt species in spectra and Fourier transform moduli of EXAFS shift from

the silica-supported catalysts strongly depends on the typethose of cobalt acetate to the shapes rather similar to that of
of cobalt precursor and catalyst pretreatment. Impregnation«-cobalt silicate IFig. 4). The temperature of decomposition
with cobalt nitrate and its subsequent decomposition lead toof supported cobalt acetate complexes seems to produce a
Co304. Impregnation with cobalt acetate results in a con- pronounced effect on cobalt repartition between barely re-
siderably lower concentration of crystalline 40 phase in ducible cobalt silicate and easily reducible cobalt species.
the oxidized catalysts and lower cobalt reducibility in hy- Some concentration of reducible & was observed when
drogen. Very low, intense peaks attributable to crystalline catalyst pretreatment was carried out at lower temperatures

a-olefin to n-parafin ratio

o
3
N

Fig. 11.«-Olefin ton-paraffin ratio over the catalysts prepared from cobalt
nitrate at 7% carbon monoxide conversion.

bon monoxide conversions close to 7¥%able 2shows that a
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(CoAc443), whereas no @G04 was detected when acetate
decomposition was carried out at higher temperatures. Thus,
a lower cobalt silicate concentration after the decomposition ‘o
of cobalt acetate at lower temperatures could be attributed 2 o

[}

to a better control of heat flow. This conclusion seems to be % >

in agreement with the results of van Steen e{H®], who 5

showed that the occurrence of cobalt silicate in cobalt silica- 3 >

supported catalysts can be avoided with a Iow—temperaturef

drying process. It was suggested in that wirk] that dry- 1 o

ing or low-temperature calcination destroys the precursor of

the cobalt silicate. 0+ " o

The temperature of cobalt acetate decomposition also af-
fects the repartition of Gd ions between the external sur-
face of silica and the silica volume. The lowgto,,/Isi,, Fig. 12. FT reaction rate as a function of propene chemisorption over
ratio detected by XPS for the catalysts prepared from cobalt cobalt catalysts prepared from cobalt nitrate or cobalt acetate (cobalt load-
acetate and calcined at higher temperatueble ) sug- "9~ 10 W)
gests that a solid-state reaction between cobalt oxide and
silica at higher temperatures could lead to the migration of nitrate at the optimal calcination temperature (423 K). Cata-
Co?* ions to the silica core. lyst oxidative pretreatment at 373 K results in particles of

C0304 seems to be the dominant phase produced by theC0304 that are too small, which are then difficult to re-
decomposition of supported cobalt nitrate. The presence ofduce, whereas calcination at higher temperatures leads to
Co304 in all CoN samples after calcination was confirmed larger, readily reducible G®4 crystallites, which do not
by XRD, XPS, and XANES/EXAFS. The concentration of provide a high concentration of cobalt metal surface sites,
Co304 seems to be much lower in the cobalt catalysts cal- however.
cined at 373 K; a considerable concentration of cobalt ions  Table 2shows that among the catalysts prepared from
still exists in a coordination similar to that of cobalt nitrate. cobalt nitrate, the sample precalcined at 423 K exhibits the
XRD shows that cobalt dispersion in the catalysts prepared highest FT activity. This is consistent with a higher concen-
from cobalt nitrate appears to be a function of calcination tration of cobalt metal sites in this catalyst found by propene
temperature; the size of cobalt oxide crystallites measuredchemisorption. Lower FT reaction rates observed over the

Propene chemisorption, pmol/g

with the Scherrer equation increases from 9 to 20 Rig. (7 catalysts prepared from cobalt nitrate and precalcined at 373
and Table J). This observation is consistent with a lower and 673 K were due, respectively, to the presence of inactive
XPS Icoy,/ Isiy, ratio observed in the CoN673 catalySa¢ unreduced cobalt species and lower cobalt dispersion.

ble 1). Low cobalt dispersion in CoN673 might be due to A higher concentration of amorphous, barely reducible
Co304 crystallites sintering at higher temperatures. In agree- cobalt silicate results in lower FT reaction rates over the cat-
ment with previous repor{d8,27,50,51] cobalt reducibility alysts prepared from cobalt acetatalfle 9. CoAc catalysts
was found to depend on cobalt dispersion. Largeg@o were several times less active in FT synthesis than those pre-
crystallites in the CoN673 sample seem to be much easier topared from cobalt nitrate. The catalytic activity of CoAc can
reduce than smaller G@, crystallites in the CoN373 and  be still improved. The data show that soft cobalt acetate de-
CoN423 samples. Both TPR combined with in situ mag- composition leads to an increase in the number of cobalt
netic measurements and XPS of the reduced samples dismetal sites. FT reaction rates were more than 10 times higher
play (Figs. 8 and 9 a higher concentration of cobalt metal when the decomposition of supported cobalt acetate was car-
phase in the CoN catalysts with larger {0n crystallites. ried out at lower temperatures.
The cobalt crystallite size could change during the reduction A good correlation for both cobalt-supported silica cata-
from Cx304 to metallic cobalt. Indeed, upon reduction of lysts prepared from nitrate and acetate is observed between
Co304 to metallic cobalt, XPS shows a decrease in particle FT reaction rates and the number of cobalt metal sites mea-
size calculated with the use of the Kerkhof—Moulijn model sured by propene chemisorptidrid. 12). FT reaction rates
(for CoN423, from 7.5 to 7.2 nm; for CoN673, from 16.8 to seem to be almost proportional to the number of propene
8.4 nm). This observation is in agreement with earlier data chemisorption sites. This finding is consistent with earlier
of Castner et al[18]. publications. Iglesia et al6—8] showed that at the con-
The number of cobalt metal sites appears to be a func-ditions favoring hydrocarbon production, FT reaction rates
tion of both cobalt reducibility and cobalt dispersion. The increase linearly with increasing cobalt dispersion, regard-
catalyst, which combines high cobalt dispersion and good less of the identity of the catalytic support.
cobalt reducibility, would therefore have a maximum num- Oxidative pretreatment of the catalysts prepared from
ber of active cobalt metal surface sites. Propene chemisorp-cobalt nitrate at 373—-423 K leads to higher chain growth
tion shows Table 1) that the maximum number of cobalt probability and slightly higher selectivity for methane mea-
metal sites could be achieved by decomposition of cobalt sured at 7% carbon monoxide conversidalfle 3. Char-
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acterization dataTable 1) show that CoN423 and CoN373 cobalt metal sites in the catalysts prepared via soft decompo-
catalysts contain smaller and less reducible cobalt parti- sition of cobalt nitrate results in the most catalytic activity.

cles. Note that the chain growth probability)(is higher It was shown that low-temperature decomposition of cobalt
over CoN423 and CoN373 than over CoN67ialfle 2; acetate, which increased the concentration of cobalt metal
the somewnhat lower £ selectivity observed over CoN423  surface sites, could significantly enhance the FT catalytic
seems to be attributable to higher methane selectivity. performance.

Earlier studies of FT synthesis have suggegtet58]
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