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To define cobalt-silica interactions, precipitated, Mg-promoted catalysts were prepared by the
cobalt nitrate—sodium carbonate reaction, without support and in the presence of silica supports.
The major component of the unsupported Co catalyst was tentatively identified as Co,CO, on the
basis of elemental analyses and the IR carbonate absorptions at 1500 and ~1400 cm~!. Upon heating
in air at 360°C, the unsupported catalyst converted to Co;0, according to IR and XRD analyses.
TPR studies indicated easy reduction at 300~400°C, with one peak for the Co,CO, and the Co(OH),
components. A magnesium-promoted unsupported catalyst showed similar chemical properties and
nearly identical IR spectrum; however, significantly different reducibility characteristics were
observed by TPR. The composition of the silica-supported catalysts varied between two extremes.
In the case of unreactive silica, IR and EM analyses showed a blend of the unsupported catalyst
with the silica. In the other extreme, with reactive silicas, all the cobalt converted to cobalt
silicates, as indicated by an Si—O stretching vibration at 1034 cm~! and by the absence of carbonate
absorptions. TPR traces of the blend-type catalysts were similar to their unsupported analogues.
The cobalt silicates required temperatures >700°C for reduction according to TPR. The TPR of the
intermediate-type catalysts that were, in part, blends of the unsupported catalyst with the silica
and, in part, cobalt silicates showed cobalt silicate reductions starting above 400°C. This may be due
to the catalytic effect of the cobalt that was reduced in the 300-400°C range. Electron microscopy, in
combination with energy-dispersive X-ray analyses, further confirmed the cobalt-silica reaction.
Cobalt silicates appeared as a *‘growth,’’ often with a filamentous structure, leaving other areas of
the silica completely intact. The formation of cobalt silicates by a solid-solute reaction is dis-

cussed. © 1992 Academic Press, Inc.

INTRODUCTION

The ‘‘classical’’ hydrocarbon synthesis
catalysts of Fischer and Tropsch were pre-
pared by precipitation of cobalt and pro-
moter compounds from the solutions of their
nitrates using diatomaceous earth for cata-
lyst support. These were used in commer-
cial operations between 1935 and 1945.
After the oil crises of the seventies, reports
started to appear about active catalysts
made by impregnation of porous silica (/).
The differences between the catalysts made
by different preparation techniques and on
different supports are not well understood.
Although numerous publications (2-9) ap-
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peared on the characterization of Fischer—
Tropsch catalysts, only one of these (5)
noted differences in the reducibilities of the
Co/Si0, catalysts made by precipitation and
by impregnation. Furthermore, we are un-
aware of studies that have addressed the
cause of the reproducibility difficulties re-
ported for the preparation of the precipi-
tated catalysts (2).

We have studied the hydrocarbon synthe-
sis process with cobalt-based catalysts, pri-
marily with precipitated catalysts, and
found that precipitated catalysts supported
on high-surface-area silica were catalyti-
cally inactive. This was surprising because
catalysts made the same way, but with dia-
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tomaceous earth supports (impure silicas
with low surface areas), functioned reason-
ably well. This finding prompted us to study
the role of the support. The supports, the
unsupported catalysts, and the supported
catalysts that were precipitated in the pres-
ence of the support were characterized by
physical, chemical, surface chemical, and
spectroscopic analyses to define changes at-
tributable to interactions. We note that char-
acterization of the unsupported catalyst was
also required, because the published litera-
ture gives very little information on this sub-
ject except for stating that it is a basic cobalt
carbonate. During the course of our work,
the emphasis was placed on the definition
of metal-support interactions, but we also
attempted to identify other types of possible
interactions (e.g., interactions with the pro-
moters, surface carbons) that may influence
the catalytic properties. This approach re-
sulted in the unequivocal demonstration
that silicas can react with the cobalt species
under the slightly alkaline conditions of the
precipitation, forming cobalt silicates. Par-
ticularly, reactive silicas (e.g., those having
high surface areas) showed facile cobalt sili-
cate formation.

EXPERIMENTAL SECTION

Materials. The cobalt nitrate hexahydrate
and the magnesium nitrate hexahydrate
were from J. T. Baker (both Baker Analyzed
Reagents). The origins of the catalyst sup-
ports are given in Table 1. The CoCO, was
from Alfa Products (technical grade); the
Co,Si0, from Pfalz & Bauer.

Catalyst preparations. The support (25 g)
was slurried with stirring in a hot (80-85°C)
solution of 30.9 g Co(NO,), - 6H,0 and 12
g Mg(NO;), - 6H,0 in 900 ml distilled water.
A solution of 17.0 g Na,CO; (anhydrous) in
about 150 ml distilled water was added in 15
to 45 s. The pH of the solution changed from
5.4 to 8.4 during the precipitation. After a
few minutes of additional stirring, the mix-
ture was vacuum-filtered. The filter cake
was reslurried in 900 ml of hot water by
stirring and was filtered again. This washing
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step (reslurrying, filtration) was repeated
twice. The final cake was vacuum-dried at
90°C and weighed. The cobalt was found to
precipitate quantitatively. The cobalt con-
tents of the catalysts (typically 17-18%)
were calculated from the cobalt reagent
weight and the catalyst weight. The weight
fractions of the support were analogously
determined and are shown in Table 3 (ignor-
ing solubility losses and chemical reac-
tions). The precipitation of the magnesium
was found to be only partial. The magne-
sium contents of the catalysts were deter-
mined by inductively coupled plasma spec-
troscopy (ICP) and typically found to be in
the 1.0-1.5% range. In the case of Catalyst
11 (see Table 3) the reagent quantities and
ratios were changed to increase the cobalt
and magnesium contents of the catalyst.

The various analyses (see below) were
performed on catalyst samples prepared ac-
cording to the above described procedures.
Any additional catalyst treatment before
analysis is reported in the description of the
individual analytical technique.

Surface area and pore size distributions.
Nitrogen physical sorption analyses were
completed on a Digisorb 2600 and mercury
porosimetry was performed on a 9220 Po-
rosimeter (Micromeritics Corp.). The sam-
ples were outgassed under vacuum at 250°C.
With lower outgassing temperature (50 or
100°C), the same or slightly lower surface
areas were measured even with samples ex-
pected to undergo thermal decompositions
at 250°C (i.e., with cobalt carbonate-con-
taining samples). Conventional procedures
were followed on data accumulation and re-
duction.

XRD. Analyses were performed on a
Scintag PAD V diffractometer operating at
40 kV, 30 mA with a scanning speed of 0.3°
per minute and 0.02° steps. Divergence slits
of 0.2° and 0.4° were used with receiving
slits of 0.5° and 0.3°. An energy-dispersive
detector was employed on an unfiltered radi-
ation.

TPR. Experiments were carried out in a
home-built device based on the design by
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Gruber (10). It consisted of a programmable
furnace, a 15-in. sample tube, appropriate
valves for passing different gases over the
samples, a dosing loop for pulse chemisorp-
tion, traps for the removal of H,O and CO,,
and a thermal conductivity detector. Sample
size (20 to 90 mg) was adjusted so that the
cobalt content of the sample would remain
approximately constant. The samples were
dried and degassed under dry He stream
at 100°C, cooled to ambient temperature,
followed by programming at 5°C per minute
in 20% H,/80% N, to 380 or 800°C, after
which there was an isothermal hold treat-
ment. The hydrogen uptakes were calcu-
lated for the known cobalt contents assum-
ing divalent state.

Electron microscopy (EM). Samples were
studied on a Phillips 420T analytical electron
microscope. This instrument was operated
both in the transmission mode and the scan-
ning transmission mode. The microscope
was equipped with a Tracor Northern
energy-dispersive X-ray analyzer (EDX),
which can detect oxygen and heavier ele-
ments. The X-ray microanalyses were done
in the scanning transmission mode with a
fine diameter probe (100-200 A). The sam-
ples were prepared for electron microscopy
by embedding in epoxy and sectioning with
an ultramicrotome.

IR and Raman spectroscopy. Transmis-
sion IR spectra were recorded on a
Perkin—Elmer 1420 or a Mattson Nova Cyg-
nus 120 FTIR instrument, either on Nujol
and Fluorolube mulls (split technique), or
on KBr pellet. The KBr pellets were dried in
vacuo at 100°C before recording the spectra.
The diffuse reflectance IR spectra (DRIR)
were recorded on a Mattson Cygnus 100
FTIR spectrometer, utilizing an MCT A de-
tector and a Harrick diffuse reflectance ac-
cessory. A total of 1024 scans at 8 cm™!
were coadded to obtain the final DRIR spec-
trum for each sample. The Raman spectra
were obtained on an ISA Ramanor U1000
system. Data were obtained every 2 cm™!
at a 1 cm™! slit resolution for the region
100—1500 cm~!. A total of two scans were
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collected and coadded to obtain the final
spectrum of each sample.

XPS. An HP ESCA 5950 spectrometer
was used, having an attached reactor for in
situreductions. The catalysts were analyzed
either as received, or after 2-h reductions at
380°C in flowing pure H,. Monochromated
AlKearadiation (hv = 1486.6 e V) was used as
the excitation source and an electron beam
with an energy below 10 eV was employed
to minimize sample charging. The following
photoelectron spectra were acquired: Co
2p, Si2p, O 1s, C 1s, and Mg(KLL). The C
1s line at 284.6 eV was used for reference.

Elemental analyses. The carbon and hy-
drogen analyses were performed by Leco
600 analyzer by standard procedures. The
carbonate carbons were determined on a
UIC automatic CO, Coulometer (11).

RESULTS

Characterization of the supports. Table 1
summarizes the salient characteristics of the
supports from nitrogen adsorption and infra-
red and X-ray photoelectron spectroscopic
(XPS) studies. The supports include high-
surface-area silicas 1-3 and, for compari-
son, commercial grades of diatomaceous
earths 4 and 5 that were frequently used for
catalyst preparation. These last two samples
were 88-94% pure silicas. As shown in Ta-
ble 1, the high-surface-area silicas had large
mesopore volumes. The diatomaceous
earths 4 and 5 had low surface areas and
very little mesopore volume. However,
mercury porosimetry indicated macropo-
rosity for the diatomaceous earths (e.g., 2.2
cc/g for 4).

The supports were also characterized by
IR spectroscopy. The strongest peaks as-
signed to Si-O stretching vibrations had
broad maxima around 1100 cm~'. A com-
parison of the spectra of the supports 1-5
revealed only minor differences. The silica
gels 1-3 showed more intense — OH absorp-
tions in the 3700-3100 cm™~! region, which
is attributable, in part, to higher concentra-
tion of surface hydroxyls and, in part, to
higher moisture content. A very small peak
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TABLE 1

Characterizations of the Silicas Used as Supports

ID Silica By N, adsorption By IR By XPS
No. trade name, supplier
Surf. A. Pore Vol. Si-0 Atomic % Surface carbon
(m?/g) (cc/g) (cm™)
Total C Carbonate C
1 Cab-0-Sil HS-5, Cabot 300 0.72 1113 1.7 3.5
2 CS 2133, P.Q. Corp. 320 2.04 2.3
3 952 silica, Davison 279 1.56 1111 4.6 1.1
4 Filter-Cel, Manville 17 0.05 1100 8.1 0.2
5 Celite-219, AW ¢ 2.3 0.002 1100 9.3 <0.4

Manv.

2 AW, Acid washed, i.e., treated with 10% nitric acid at 95°C, followed by thorough washing with water and

drying.

appeared in the FTIR spectra at 3748 cm ™!

that is characteristic for isolated Si—-OH.
The high surface supports 1-3 exhibited a
small extra peak at 973 cm™!. A peak ap-
pearing in all spectra at 802 cm~! was
broader and slightly shifted in support 1.

Further characterizations were by XPS.
The surface compositions were measured.
In the high surface silicas 2 and 3, only trace
C and Na surface impurities were found. In
Filter-Cel 4, C, Al, Na, K, Ca, and Fe were
detected. The carbon species were of partic-
ular interest because they can be potential
precursors to cobalt carbides and to gra-
phitic carbons. Formation of cobalt carbides
(12) and deposition of graphitic carbon (13,
14) via the adsorption of CO on Co are well-
established reactions; hence we were
alerted to possible similar reactions with
other sources of carbon. XPS can differenti-
ate the carbon species on the basis of their
binding energies as graphitic or carbidic or
hydrocarbon type (284.6eV), as oxygenated
organic (286.6 e V) and as carbonate carbons
(288.7 eV). Table 1 shows the total carbon
content and the carbonate carbon content
of the supports.

Characterization of the unsupported cat-
alyst. An earlier investigation on the rapid
precipitation of inorganic carbonates (/5)
has indicated that nonstoichiometric basic
carbonates form most often, with loss of

carbon dioxide. We have precipitated cobalt
carbonates from cobalt nitrate solutions
with sodium carbonate. Two of the precipi-
tations were carried out in the presence of
magnesium nitrate, to make ‘‘promoted”’
catalysts. The characterizations of the re-
sulting materials are shown in Table 2. Ni-
trogen adsorption measurements indicated
high surface areas and high pore volumes.
Elemental analyses indicated approxi-
mately 2.5:1 and 2:1 atomic Co: C ratios
for the cobalt and the magnesium-promoted
cobalt catalysts, respectively. These cata-
lysts were found to be essentially amor-
phous by XRD. The observed weak patterns
were usually unsatisfactory for character-
ization. In the promoted catalyst 8, how-
ever, C0;0, was identifiable as a trace com-
ponent from its characteristic diffraction
lines.

Heating the catalysts of Table 2 in air at
360°C for 2 h resulted in chemical conver-
sions into mixed cobaltous—cobaltic oxide
(Co,0,) that was identified by its character-
istic XRD pattern and also by its IR spec-
trum. The weight loss that accompanied the
thermal air oxidation of 7 was also measured
by thermogravimetric analysis as 23.8%.
The thermally oxidized samples were ana-
lyzed for their carbon and hydrogen con-
tent. After 1.5 at 360°C, 1.12% C and 0.65%
H were found. After 3 h at 360°C, 0.88% C
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TABLE 2

Characterizations of the Unsupported Catalysts

ID Metals in catalysts By N, adsorption By elemental analyses
No. :
Surface A. Pore Vol. Weight percent
(m?/g) (cc/g)
Co Mg C H
6 Co only 62 —
7 Co only 132 0.78 57 — 4.56 1.70
8 Co plus Mg 271 47 3
9 Co plus Mg 165 0.64 48 4.97 1.95

was found by carbonate carbon determina-
tion (11). These results indicate that residual
carbon remained in the samples even after
long exposures and that a quantitative con-
version of the catalyst to Co;0, was not
achieved.

The unsupported catalysts were also ana-
lyzed by IR spectroscopy. The cobalt cata-
lysts 6 and 7 and the magnesium-promoted
catalysts 8 and 9 showed almost identical
spectra (see Fig. 1). The most intense ab-

A. Unsupported Co-catalyst
(Catalyst 7, see Table 2)

Transmittance

T T T
4000 3500 3000 2500 20‘00 1 5:00 1 0’00 500

B. Unsupported, Mg-promoted Co-catalyst
{Catalyst 9, see Table 2)

Transmittance

T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber

F1G. 1. FTIR spectra of the unsupported catalysts in
KBr pellets.

sorptions were at 1500 and at 1400-1386
cm™'. These maxima are attributed to car-
bonates of some unusual structure, because
they are outside the 1460-1400 cm ™! range
reported for inorganic carbonates. A careful
look at the shape of the carbonate peaks
reveals two inflections at 1430 and 1460
cm™!. By recording the IR spectrum of au-
thentic CoCO,;, we have demonstrated that
the two inflections coincide with the major
peaks of CoCO;. On this basis, CoCO, is a
minor component of the unsupported cobalt
catalyst.

These analytical results suggest that dur-
ing the precipitation of the catalysts a mix-
ture of compounds form, with an unknown
cobalt carbonate species as the major com-
ponent. The Co,CO, structure is proposed
for this species on the basis of elemental
analyses and the observed carbonate IR fre-
quency shifts. Either formula 15 or 16 (see
Scheme 1) is possible. For the pure cobalt
catalysts 6 and 7, the elemental analyses
were poorly reproducible (see Table 2) and
were found to be sensitive to the conditions
of the precipitation and the drying tempera-
ture. The color of the various preparations
also differed, from purple to nearly black.
However, the IR spectra of 6 and 7 appeared
identical. Since CoO is known to be IR-
inactive (/6), it is reasonable to assume that
the CoO content varied in catalysts 6 and 7.
The Raman spectra of 6 and 7 revealed a
feature at 696 cm~! that may be attributed
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ScHEME 1. Possible reactions during catalyst preparation.

to CoO. However, this finding does not pro-
vide unequivocal evidence for CoO, be-
cause the Co,CO, component of the mixture
is also expected to absorb in this region.
The reducibilities of the unsupported cat-
alysts were studied by TPR. The unsup-
ported cobalt 7 easily reduced at low tem-
perature (<420°C) and showed only one
maximum in its TPR curve (see Fig. 2a).
This finding suggests that the Co,CO, and
the CoO components reduce approximately
at the same temperature and the same rate.
This may not be surprising if we consider
that the Co,CO, may have decomposed first
to CoO and CO,, before the reduction oc-

curred. Hydrogen consumption was 116%
of the theoretical, indicative of a quantita-
tive cobalt reduction. The Mg-promoted
catalyst 9 showed a considerably different
TPR curve (see Fig. 2b). Several maxima
were observed and there was quite substan-
tial hydrogen uptake at high temperatures.
These results could be explained by assum-
ing the formation of mixed salts between the
Co and the Mg, which reduced at different
temperatures and at different rates than the
pure cobalt species. The measured total hy-
drogen uptake was 116% of the theoretical,
suggesting again a quantitative reduction.
Characterizations of the supported cata-
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H2 Uptake (Signal Intensity)
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F16. 2. Hydrogen consumptions by the various cata-
lysts during temperature-programmed reductions.

lysts. Table 3 summarizes some of the prop-
erties of the supported catalysts. Catalysts
10-12 were made on high-surface-area sup-
ports. These possessed higher surface areas
than their respective supports. Catalysts
13—-14 were prepared with a low-surface-
area support. These had much lower surface
area than catalysts 10-12.
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The reducibilities of the catalysts were
studied and measured by XPS and/or TPR.
Many of these studies were limited to 380°C
reduction temperature to obtain information
about reducibilities under industrially fa-
vored conditions. Table 3 gives the extent
of cobalt reductions at 380 and 800°C. As
the data of Table 3 show, XPS did not detect
cobalt reductions at 380°C in catalysts
10-12. The TPR traces of Figs. 2¢ and 2d
did not indicate low-temperature hydrogen
uptakes either; temperatures above 700°C
were required. A quantitative reduction of
these catalysts was not even achieved at
800°C (see Table 3). As shown in Fig. 2e and
Table 3, in catalyst 13, a small degree of
reduction occurred below 400°C, but the
bulk of the material required 500 to 750°C for
reduction. Catalyst 14 reduced completely
below 400°C (see Table 3 and Fig. 2f). The
species reducible below 400°C can be as-
signed to carbonates and oxides of cobalt,
while the species requiring temperature
above 700°C are believed to be cobalt sili-
cates (9). In order to learn the identity of the
species reducing at 500-750°C in catalyst
13, the following working hypothesis was
advanced: It was assumed that the same
silicate species were present in catalyst 13
as in catalyst 10-12, but, in catalyst 13, re-
duction was facilitated by the presence of
metallic cobalt generated from the reduction
of the oxides—carbonates. To test this hy-
pothesis, a 1: 1 blend of catalysts 12 and 14

TABLE 3

Characterizations of the Supported Catalysts

ID Support Support content By N, adsorption By % Co reduction
No. No. (Wt%)
Surface A. Pore Vol. By XPS By TPR
(m?/g) {ccl/g) (380°C)
(380°C) (800°C)

10 1 71 342 0.44 0 — 56
11 2 60 452 0.27 0 — —
12 3 72 427 0.7 0 — 75
13 4 70 74 0.10 0 5.3 105
14 S 70 53 0.17 — 103 113
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was analyzed by TPR. As Fig. 2g reveals,
the TPR traces differed substantially from
that resulting from the superimposition of
Figs. 2d and 2f. A substantial amount of
hydrogen uptake can be observed between
400 and 700°C, in contrast to Figs. 2d and
2f. Furthermore, the intensity of the high-
temperature peak was clearly reduced.
These results suggest that our hypothesis
may be correct, but further work would be
required to provide unambiguous identifi-
cation of the species that reduced in the
500-750°C region.

All the catalysts of Table 3 were found to
be essentially amorphous by XRD analysis.
Catalysts 13 and 14 showed the presence of
very low concentrations of crystalline silica
(cristobalite, quartz), which were shown to
originate from the diatomaceous earth sup-
port 4 and 5. Catalysts 10—14 were exposed
to air oxidations at 360°C in an attempt to
convert the cobalt species to Co;0,. Cata-
lysts 10-12 remained amorphous to X rays
after the air oxidations. Because Co050, is
known to form large crystallites readily de-
tectable by XRD, it can be inferred that cata-
lysts 10-12 did not oxidize to Co;0,. This
conclusion was confirmed by IR analyses:
the characteristic absorptions of Co,0, at
573 and 668 cm ~! were not observable in the
air-oxidized samples. Surprisingly, not even
catalyst 13 showed the presence of Co,0,
after heating in air, except for trace levels.
Only catalyst 14 converted to Co;0, upon
360°C heat treatment in air, as confirmed by
XRD and IR analyses.

Catalysts 10-14 were also characterized
by their IR and/or DRIR spectra. Apart from
some anticipated relative intensity changes,
the IR and the DRIR spectra were essen-
tially identical. Figure 3 shows the IR spec-
trum of catalyst 14. The broad absorption
band at 1500-1380 cm™! is the carbonate
absorption that was found in the unsup-
ported catalysts. The 1090 cm ™! maximum
is assigned to the Si—O stretching vibration
of the support. There was no sign of an ab-
sorption maximum around 1040 c¢cm™!,
where some of the other catalysts had a new
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FiG. 3. Partial IR spectrum of catalyst 14 (split tech-
nique, in Fluorolube and Nujol Mulis).

maximum. Figures 4 and 5 compare the
DRIR spectra of catalysts 12 and 13 to those
of their respective supports 3 and 4. In Fig-
ure 4, the carbonate absorptions were not
present. In the Si-O stretching region, a
new maximum appeared in the spectrum of
catalyst 12 at 1034 cm~'. This absorption
indicates chemical changes in the support.
The maximum was shown to coincide with
that of authentic Co,5i0,. These results
clearly show the presence of cobalt silicates
in the catalyst, but we would be hesitant
to restrict the assignment to the Co,SiO,
formula. The DRIR spectrum of catalyst 13
(Fig. 5) showed weak carbonate peaks at
1500-1380 cm ! and a shoulder around 1040
cm™! that is assignable to cobalt silicates.

1034.2

Kubelka - Munk Units

T T T T T
2200 2000 1800 1600 1400 1200 1000 800

Wavenumber

FiG. 4. Partial DRIR spectra of catalyst 12 and its
support 3.
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1095.9

1099.8

Kubelka - Munk Units
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Wavenumbers
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FiG. 5. Partial DRIR spectra of catalyst 13 and its
support 4.

Clearly, in catalyst 13, part of the cobalt
was present as carbonate and part of it as
silicate.

The surface properties of the catalysts
were also studied by XPS spectroscopy.
The percentage cobalt reductions was deter-
mined by measuring the relative intensities
of the elemental and the ionic Co 2p,,, spe-
cies at 777.7 and 781.0-eV binding energies
after hydrogenations at 380°C, as shown in
Table 3. Selected surface composition data
acquired before and after hydrogenation of
the catalyst are shown in Table 4. The sur-
face and the bulk cobalt concentrations
were similar. Some of the catalysts showed
unexpectedly high surface carbon concen-
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trations (see Table 4). Hydrogenations did
not eliminate the surface carbon content.
Since the sodium carbonate reagent can in-
troduce carbonate species, the amounts of
carbon species assignable to carbonate car-
bons (288.4 eV) are also shown in Table 4.
Substantial amounts of carbonate carbons
were found in catalysts 13 and 14, which
were supported on diatomaceous earth. In
catalyst 13, most of the carbonate carbon
must have originated from the support, be-
cause the carbonate carbon content did not
decrease upon reduction (see Table 4). In
catalyst 14, the carbonate carbon content
substantially decreased upon reduction,
suggesting that a cobalt carbonate species
was reduced with elimination of carbon di-
oxide.

Catalysts 12, 13, and 14 were examined
by electron microscopy in combination with
EDX analyses. Figures 6A and 6B show dif-
ferent areas of an electron micrograph of
catalyst 12 and the EDX scans of the
squared areas of the micrograph. The micro-
graphs reveal a heterogeneous mixture con-
sisting of clusters of various sizes, ranging
from less than 0.1 to over 4 um. Two types
of cluster can be visually differentiated. The
larger one appears very uniform in density
and particle size, built up from tiny particles
of less than 300 A. This phase appears to be
the “‘unaltered”’ silica support, as the EDX
scans indicate by the nearly complete ab-

TABLE 4

Surface Cobalt and Surface Carbon Concentrations

Catalysts Cobalt (wt%) Surface composition (in atomic percent)
No.
Surface Bulk As prepared After H, treat (380°C)
Co Total C CO5C Co Total C CO;C
10 12.4 18.0 3.9 26.6 1.1 14.8
11 27.5 29.7 10.6 5.6 0.6 10.0 7.0 0.7
12 14.5 18.8 5.1 7.7 1.1 5.8 3.6
13 25.5 17.6 9.6 15.3 8.7 8.5 22.0 13.4
14 37.8 17.7 14.3 22.5 7.9 15.1 25.5 2.6
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F1G. 6. Areas of electron micrographs and EDX scans of catalyst 12.

sence of Co (see Fig. 6A).The other type
of clusters can be differentiated by higher
density and a flocculent structure. The size
of these clusters is usually smaller, up to
about 1 um. High levels of Co and Si were
found in these by EDX (see Fig. 6B). At
high magnifications, a filamentous structure
with strand- and ribbon-like features is re-
vealed. Large voids are present. The as-
sumption of a cobalt silicate composition for
this phase appears reasonable. In the EDX
scans, a qualitative correlation seemed to
exist between the Co and the Mg intensities.
This suggests that the Co and the Mg stayed
in proximity during and after the precipi-
tation.

Figure 7 presents the electron micrograph
of catalyst 13 at 155,000 magnification. Fig-
ure 8 shows the EDX scans of different areas
or spots of the microtomed samples. In the
micrograph, two distinctly different phases

can be differentiated by visual inspection
and by the aid of EDX scans. Large areas
of the broken fragments of the diatomaceous
earth support (up to several micrometers in
size) remained ‘‘bare’’ and essentially in-
tact. As illustrated in Fig. 8A, these areas
showed little cobalt ‘‘contamination.”’
Other areas of the support were covered
with an irregular filamentous growth, with
occasional regions of semiordered strands.
EDX scans of these areas (see Figs. 8B and
8C) showed high concentrations of both Co
and Si. It appears that the growth may be a
reaction product of the silica (which in this
particular case was the frustule of ancient
diatoms) and of the cobalt reagent. Between
the unreacted and reacted frustules, small
clusters that did not appear to be associated
with the much larger frustules were seen.
Many of these small clusters were analyzed
by EDX. All of them showed the presence
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150 nm

F1G. 7. Electron micrograph of catalyst 13 (x 155,000).
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FiG. 8. EDX scans of different areas of a microtomed
sample of catalyst 13.

of both Si and Co. Some were enriched in
Co, but Si was also present. Clusters com-
pletely free of Si that could have been as-
signed to ‘‘unsupported catalyst’ species
were not found. We expected to find these
species on the basis of IR and TPR analyses.
Accordingly, the small clusters appear to be
broken fragments from the ‘‘growths’” on
the frustules. The high Co content in some
of these clusters may suggest that some of
the broken growth fragments may have be-
come admixed with the ‘‘unsupported cata-
lyst’* species during sample preparations.
The electron micrograph of catalyst 14
showed two distinctly different phases: the
support and the catalyst. Little attachment
was observed between the two phases.

DISCUSSION

When a solution of sodium carbonate is
added to cobalt nitrate solution, a mixture
of cobalt carbonates and cobalt hydroxide
form (see Path 1 in Scheme 1). However,
the reaction may follow an entirely differ-
ent course if the precipitation occurs in the
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presence of magnesium nitrate and silica.
In the extreme, using high-surface-area sil-
ica, all the cobalt can be converted to
silicates. A combination of our analytical
results (IR, TPR, EM-EDX, air-oxidation
studies) has provided convincing evidence
for the formation of cobalt silicates. How-
ever, the silicate-forming reaction is not
well understood and the structures of the
silicates formed are not known yet. The
possible silicate structures are illustrated
in Path 2 of Scheme 1. The surface area
of the silica, which can be related to its
reactivity, was found to be one determining
factor on the course of the reaction. With
high-surface-area silica, only Path 2-type
reactions were observed. With low-sur-
face-area silica, only Path 1 reactions were
detected. With intermediate surface area
silica, Path 1 and Path 2 reactions occurred
simultaneously. The possible influence of
other factors on the course of the reaction,
including that of the Mg promoter, are
currently under investigation.

The formation of cobalt silicates under
the condition of our catalyst preparation
was unknown and unexpected even though
signs of such reaction (reducibility differ-
ences) were widely observed and reported.
Of course, cobalt silicate formation from
solutions of sodium silicate and cobalt salts
is well known (/7). Furthermore, the solid-
state reaction of CoO with SiO, also gives
cobalt silicates, but this reaction requires
about 900°C temperature (/8). In our sys-
tem, the silica has a low solubility. There is
a possibility that it may become solubilized
during the course of the reaction. How-
ever, there must be a tremendous driving
force for the silicate-forming reaction to
compete with the alternative solute—solute
reactions of Path 1. The silicas are known
to be acidic, having ion-exchange proper-
ties (/9). Some ionization may have oc-
curred, and the siloxy anions, in the pres-
ence of Co’" ions, may have initiated a
chain reaction involving the depolymeriza-
tion of the silica and reassembly into some
form of cobalt silicate. The formation of
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either monomeric or polymeric cobalt sili-
cates may be possible (see Scheme 1).
Literature reports on the stabilities of co-
balt silicates (20) may lead to the expecta-
tions that the cobalt orthosilicate 19 may
preferentially form. The possibility of sur-
face cobalt silicate formation (23 to 25 in
Scheme 1) was also considered but rejected
on the basis of our EM-EDX studies that
indicated an uneven Co-Si distribution.
Finally, the possibility of Co-Mg-silicate
formation should not be overlooked, even
though the magnesium content of these
catalysts was low (>5 Co:Mg atomic
ratio).

For catalytic activity, the cobalt species
present in the catalyst require reduction to
zero-valent cobalt. Our TPR studies have
indicated that the carbonate and the oxide
species are readily reducible at relatively
low temperatures, but the reduction of the
silicate species requires high temperatures.
In catalysts 10-12, 660-800°C was required
for the reduction of the cobalt silicates,
while in catalyst 13 the silicate reduction
occurred in the 500-750°C range (compare
Figs. 2¢, 2d, and 2¢). To explain the differ-
ences in the temperatures required for re-
duction of the silicates, one might assume
that the silicate structures present in cata-
lyst 13 are different than those in catalysts
10-12. For example, one might assume oc-
tahedral arrangement for the cobalt of cata-
lyst 13 and tetrahedral sites in catalysts
10-12. This explanation would be in
agreement with the published assignments
of Roe er al. (9), who designated the reduc-
tion temperature regime around 520°C to the
reduction of divalent, octahedral cobalt spe-
cies. However, our experimental results
support a different explanation. It was
shown by a TPR study of blends that, in the
presence of easily reducible cobalt species,
the temperature required for the reduction
of the cobalt silicate can be lowered, possi-
bly due to hydrogen spillover. If this effect
was demonstrable for macroscopic blends,
it would be expected to be much more effec-
tive with ‘‘molecular blends,”” that is, with
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samples containing the two species in mo-
lecular proximity.

Finally, we express our hope that the con-
tents of this paper provide a self-explana-
tory reason for the reproducibility difficul-
ties reported for the preparation of the early
commercial catalysts.
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