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Microwave discharge methods have been used to prepare highly dispersed cobalt clusters in 
zeolites. Ferromagnetic resonance, electron microscopy, and H2 chemisorption experiments have 
been done to determine the particle sizes of the cobalt clusters. These materials were also studied 
as Fischer-Tropsch catalysts. Catalytic results suggest that these cobalt zeolite catalysts show high 
selectivity for the production of low-molecular-weight olefins. Evidence of shape selective 
catalysts with a cutoff at the C6 chain length has also been observed. Our results arc also in line 
with the concept of structure sensitivity. B, IYX7 Academx Pre\\. Inc 

INTRODUCTION 

Recently, metal support interactions 
have been investigated in great detail (I-5). 
Adsorptive properties have been shown to 
be dependent on interactions between the 
metal and support (1-5). Activities and 
selectivities of supported metals in CO hy- 
drogenation reactions have also attracted a 
great deal of attention. 

Effects of metal dispersion on hydro- 
carbon selectivity have shown that the size 
of metal crystallites in catalysts can in- 
fluence the size of hydrocarbons in Fis- 
cher-Tropsch syntheses (6). Specific activi- 
ties for CO hydrogenation have been shown 
to decrease with increasing dispersion for 
cobalt (7,8) and ruthenium catalysts (9, 10). 

The effects of dispersion, extent of re- 
duction, and catalyst preparation pro- 
cedures for cobalt-alumina catalysts on 
the activity and selectivity in Fischer- 
Tropsch reactions have recently been sum- 
marized (11). Results of these studies in- 
dicate that CO hydrogenation on supported 
cobalt is a structure-sensitive reaction, that 
selectivity varies with metal loading, pre- 
paration, and pretreatment conditions (11). 

’ To whom correspondence should be addressed. 

We have recently reported (12) that hig- 
hly dispersed cobalt catalysts can be pre- 
pared by a microwave discharge method. 
Synthetic conditions, characterization of 
the cobalt particles, and some of the reac- 
tions that occur in the discharge were stud- 
ied. This paper deals with further charac- 
terization of cobalt-containing X zeolite 
catalysts by ferromagnetic resonance, 
scanning electron microscopy, energy di- 
spersive X-ray analysis, and H2 and O2 
chemisorption experiments. Particle sizes 
of the cobalt clusters were measured. Re- 
sults concerning the activity and selectivity 
of these materials in Fischer-Tropsch reac- 
tions are also described here. 

EXPERIMENTAL 

Synthesis of Catalyst 

A microwave discharge method (12) was 
used to prepare cobalt-containing zeolite X 
materials. An Ar gas pressure of 0.3 Ton- 
and l- to 3-W power were used in these 
experiments. The compound Cogs was 
sublimed onto a dehydrated NaX zeolite. 
The plasma was ignited and the decompo- 
sition of the CoZ(CO)s occurred. After the 
reaction was complete, samples were 
sealed off, transferred to a dry box, and 
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loaded into cells for catalytic work and for 
ferromagnetic resonance studies. The com- 
pleted CoNaX catalyst had a weight loading 
of 0.8% cobalt. Further details concerning 
the synthesis of these catalysts can be 
found elsewhere (12, 13). 

Structural and Spectroscopic 
Characterization 

Ferromagnetic resonance (FMR) ex- 
periments. Ferromagnetic resonance 
(FMR) studies were done with either a 
Varian E-3 or E-9 spectrometer. An X-band 
microwave frequency of about 9.5 GHz 
was used in all experiments. Diphenylpi- 
crylhydrazine (DPPH) was used as a cali- 
bration standard to determine g values. All 
FMR experiments were done between tem- 
peratures of - 160 and 285°C. 

X-ray powder diffraction. X-ray powder 
diffraction experiments were done on a 
DIANO-XRD 8000 diffractometer. All ex- 
periments were done with copper K, ra- 
diation. Samples were mounted on glass 
slides which had a slight coating of petro- 
leum jelly. All scans were done at a rate of 
2” 28lmin. 

Scanning electron microscopy. Scanning 
electron microscopy (SEM) was used to 
determine particle sizes of cobalt. Magnifi- 
cations up to 98,000 x were done on an 
AMRAY 1000 SEM with an energy disper- 
sive X-ray analysis (EDA x 9100/60) 
system. 

Catalysis Experiments 

About 0.5 g of CoNaX zeolite was loaded 
into a quartz catalytic reactor in a Nz-filled 
dry box. The CoNaX sample was previ- 
ously subjected to the microwave discharge 
procedure described earlier. 

Experiments reported here were done 
between 1 and 3% conversion. Reaction 
temperature was between 512 and 544 K, 
and pressures of 1.00 atm were used. At 
least 17 runs were done on this material for 
a period up to 45 h. The HZ/CO ratio was 
3.0. The space velocities at STP ranged 
from 390 to 680 per hour. The mass flow 

rate of reactants was 3.5-5.9 x 10m3 g/min 
and the average molecular weight of the 
feed was 8.514 g/g-mol. These data are 
needed in order to reproduce flow rates. 
Further details concerning the synthesis of 
these catalysts can be found elsewhere (12, 
13). 

Hydrogen Chemisorption Measurements 

H2 chemisorption measurements were 
performed in a conventional Pyrex glass, 
high-vacuum, volumetric adsorption appa- 
ratus. After reduction at 300°C the catalyst 
was evacuated for 1 h to 2 x IO-’ Tot-r at 
290°C. HZ was allowed to adsorb on the 
catalyst as it cooled from the evacuation 
temperature to room temperature over a 
period of 90 to 120 min at 400 Torr. Ad- 
sorption isotherms were then measured by 
a desorption (decreasing pressure) method 
(7, 8, 11). The straight-line portion of the 
isotherms were extrapolated to zero pres- 
sure to obtain the total gas uptakes. 

RESULTS 

Ferromagnetic Resonance 

Ferromagnetic resonance spectra for Co- 
NaX are shown in Fig. 1. The apparent g 
value for this sample at -160°C is 2.35 
while the value at room temperature is 2.18. 
A plot of the apparent g value vs tempera- 
ture is given in Fig. 2. The results indicate 
that a value of 2.18 is maintained from room 
temperature up to 160°C. By studying the 
linewidths of these samples as a function of 

1 (a) 4 gapp= 2.35 1 
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FIG. 1. Ferromagnetic resonance spectra of micro- 
wave activated CoNaX zeolite at (a) 113 K, (b) 298 K. 
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FIG. 2. Plot of apparent g value vs temperature for FIG. 3. Plot of ferromagnetic resonance linewidths 
superparamagnetic cobalt particles in NaX zeolite. (kG) vs temperatures. 

temperature a linear plot, as shown in Fig. 
3, is obtained. Smaller linewidths are ob- 
served at higher temperatures. These kinds 
of relationships are also observed for Co- 
NaY zeolites that have been prepared by 
microwave procedures (12, 13). 

Scanning Electron Microscopy 

Results of scanning electron microscopy 
studies of the CoNaX sample which had 
been passivated in air (vide infra) are given 
in Fig. 4. Figure 4a is an SEM photo of the 
CoNaX zeolite at low magnification. At 
higher magnification the photograph of Fig. 
4b is obtained. This photograph shows that 
the surface of these particles is relatively 
featureless. A dot pattern for cobalt is given 
in Fig. 4c for the same area shown in Fig. 
4b. The dots represent areas of high cobalt 
concentration. 

Catalytic Experiments 

Catalytic experiments were done for 48 
h. Steady state conditions occur for these 
catalysts for hydrocarbons from Ci through 
Cl2 * 

Initial Fischer-Tropsch studies done at 
low (<I%) conversion (14) indicated that 
large amounts of olefins (mainly Ci- and 
C!-) as well as smaller amounts of sat- 
urated hydrocarbons (mainly Cz, C,) were 
formed with CoNaX. A shape-selective ef- 
fect was also observed with a cutoff at the 
Cq chain length. 

In the experiments described here, no 
alcohol products were detected. Both para- 
ffins and olefin were formed ranging from 
C, through C9. The activity/selectivity 
properties of the CoNaX sample are given 
in Table 1. Included in the table are the 

TABLE 1 

Activity/Selectivity Properties of CoiNaX (0.43 g) 

Temp 

(“K) 
Time co 

(h) conversion 

(9) 

Nco x 10’ 
(molecules/ 

Gte-s1 

CO:/HC 
(mol70) 

Hydrocarbon product dlrtributmn (wt%‘r) 

CHI C:-Cd CT-C,, C,:+ Alcuhola 

O/P a 

c3-c7 
.%<, 

(kJ/mole) 

512 2 I .42 
512 3 I .22 
512 4 I .23 
512 10.25 I .74 
512 16.5 I .Ol 
512 I9 I.81 
522 20 1.72 
522 22.5 I .77 
532 24.25 2.39 
532 26.5 2.08 
544 33 2.41 
544 45 3.06 

0.37 16.3183.7 

0.31 16.2/X3.8 
0.32 l6.1183 9 
0 45 15.9/x4.1 
0.26 15.7184.3 
0.47 16.21X3.8 
0.59 I8 3181.7 
0.61 18.7181.3 
0.94 20.6179.4 
0.82 21.1178.9 
1.09 23.5176.5 
1.38 24.61 

2x.5 45.4 26.1 0 0 1.17 15 
28.2 45.0 26.X 0 0 I 22 

2X 2 44.9 26.9 0 0 1.23 
27.X 44.3 27.9 0 0 1.33 0.64 
27.4 43.5 29. I 0 0 I .37 
2X.3 43.x 27.9 (I 0 1.39 
32.7 42.3 25.0 0 0 1.41 0.61 
33.4 42.9 23.7 0 0 I.41 
37.7 41.0 21.3 0 0 I .43 0.58 
3X.6 41 .o 20.4 0 0 1.44 
44.3 38.6 17.1 0 0 I .45 0.54 
46.9 38.0 15.1 0 0 I .49 



FIG. 4. Scanning electron micrographs of CoNaX zeolite passivated in dry OZ: (a) 3500x magnifi- 
cation, (b) 30,000~ magnification, (c) energy dispersive X-ray analysis, cobalt dot pattern, same area 
as (b). 

percent CO conversion, turnover frequen- periments done at temperatures between 
ties, amount of CO2 produced, hydrocar- 512 and 544 K. An average weight percent 
bon product distributions, olefin-paraffin of C2-C4 olefins in the total hydrocarbon 
ratios, parameters, and an activation en- product is given in Table 3. 
my. An Anderson-Schulz-Flory plot for 

Olefin-to-paraffin ratios for &-CT hydro- the CoNaX catalyst is given in Fig. 5. 
carbons are given in Table 2 for ex- The corresponding plot of hydrocarbon 

TABLE 3 
TABLE 2 

Olefin/Paraffin Ratios of Co/NaX (Averages) 
C2-C4 Olefins (wt%) (Average) in 

Hydrocarbon Product 

T (“K) CZ Cj Cd Cs C6 C, 

512 1.16 6.86 0.49 0.76 0.51 0.23 
522 0.95 6.50 0.54 0.91 0.49 0.23 
532 0.77 5.85 0.56 0.83 0.50 0.22 
544 0.75 5.47 0.51 0.74 0.50 0.20 

T(“K) G G G Total 

512 5.3 15.3 5.3 25.9 
522 5.0 14.9 5.0 24.9 
532 4.5 14.3 4.1 23.5 
544 4.6 13.3 3.7 21.6 
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z -4 .. is undoubtedly much higher than room tem- 

S 
perature. We cannot discount the effect of 

-5 ” 
512 

the light emission on the decomposition of 
532 

-6 7 
the metal carbon bonds of the metal car- 

23456769 bony1 although the intensity of this line 

CARBON NUMBER 
emission is orders of magnitude lower than 
the intensity of a Xe photolamp. 

FIG. 5. Anderson-Schulz-Flory plot of hydro- 
carbon products from 0.8% CoiNaX (Hz/CO = 3, 1 Particle Size 
atm, and temperatures shown). 

The FMR spectra of CoNaX in Fig. 1 
clearly indicate that cobalt particles are 

weight percent vs carbon number is given extremely small and at least smaller than 30 
in Fig. 6. A. The fall in apparent g value vs tempera- 

Hydrogen Chemisorption ture of Fig. 2 and the decreasing hnewidth 

The CoNaX catalyst had a H2 adsorption 
as a function of temperature shown in Fig. 3 
are also indicative of small ferromagnetic 

uptake of 94 + 5 pmol/g. cobalt particles. 
Scanning electron micrographs and 

DISCUSSION energy dispersive X-ray analyses of Co- 
NaX suggest that there are no large clusters 

Comparison of Microwave Discharge to (~100 A) of cobalt in these materials. The 
Classical Reduction Methods EDX analysis confirms the presence of 
It is useful to compare the microwave cobalt and that the cobalt is evenly dis- 

discharge method to more classical pro- persed throughout the sample. 
cedures for reducing metals. We (15) and X-ray line diffraction methods were used 
others (16-19) have found it extremely to try to examine the cobalt particles. No 
difficult to prepare small iron clusters in XRD peaks indicative of cobalt were ob- 
zeolites. Thermal (15) and photochemical served. This observation suggests that the 
(20) procedures generally yield oxidized cobalt particles are less than about 40 A. 
metal particles or larger (>30 A) particles The HZ chemisorption uptake of 94 
of the reduced metal on the external surface pmol/g is unexpectedly large for a catalyst 
of the zeolite. containing only 0.8% Co. This uptake is 

In the case of cobalt, Fraenkel and Gates comparable to those for Co-alumina (8) 
(21) have used cadmium vapor to reduce 
Co*+ ions in zeolite A. Ozin and co-workers 30 
(22) have used metal atom vaporization 

u!ciiil 

25 
(low-temperature) methods to prepare 20 
highly reduced and dispersed cobalt clus- 
ters in the pores of zeolites. In general, i :“, 
however, thermal and photochemical me- 5 
thods lead to sintering of the metal (15). 0 

The catalytic properties of these systems 012 3 4 5 6 7 6 910 

will be discussed below. CARBON NUMBER 

We have measured the temperature of 
FIG. 6. Hydrocarbon product distribution from 0.8% 

our microwave apparatus immediately after CoiNaX at 512 K, 1 atm, Hz/CO = 3. W, total 
the microwave discharge and have found hydrocarbon product; 0, olefinic product. 
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and Co-silica catalysts (II) of conventional 
preparation having metal loadings in the 
range E-25%. The large H2 chemisorption 
uptake is indicative of very high (essentially 
100%) dispersion and an average metal 
crystallite size of -9W (II). 

Particle Location 

We have used Rutherford backscattering 
methods (23) to determine that the cobalt 
particles are distributed both on the surface 
and in the bulk of the X zeolite samples (24) 
prepared via the microwave deposition 
method. 

Catalysis Results 

Activity. The results of Table 1 indicate 
that low turnover frequencies (10.3 x IO3 
molecules/site-s) at 512 K are observed. 
The range of turnover frequencies observed 
for this catalyst are about a factor of 10 
lower than those observed for 3% Co on 
A1203 catalysts. These results suggest that 
these catalysts are not very active. 

The observations of a decreased rate of 
methane production and a concomitant de- 
pression in overall rate has been observed 
for cobalt zeolite catalysts reduced by Cd 
vapor (22), cobalt on silicalite (25), and 
ruthenium Y zeolites (26). These studies 
(22, 22, 2.5, 26) and the present suggest that 
CO dissociation can be decreased with 
these materials resulting in lower yields of 
methane. 

General agreement in the literature (25) is 
that at low conversions that CO dissocia- 
tion is the limiting step. 

Selectivity. There is a steady state for 
production of C,-CIZ hydrocarbons for all 
experiments reported here. 

The selectivities for C&r, hydro- 
carbons for the CoNaX catalyst are given in 
Table 1. The olefin to paraffin ratios for 
C3-C, hydrocarbons also shown in Table 1 
indicate a high selectivity toward olefins. 
The individual olefimparaffin ratios of Ta- 
ble 2 show that there is an extremely large 
preference for propylene formation, and at 
512 K for ethylene with respect to propane 
and ethane. 

The data of Table 3 show that the weight 
percent olefin is larger at lower tempera- 
tures. A typical plot of hydrocarbon prod- 
uct vs carbon number is given in Fig. 6. The 
26 wt% C2-Cd olefin in the total hydro- 
carbon product is larger than other cobalt 
zeolite catalysts (21, 25) although cobalt on 
silicalite shows a similar product distri- 
bution (25). The Anderson-Schultz-Flory 
plot of Fig. 5 shows a cutoff around C8 
which is in contrast to CoA1203 and Co-sili- 
calite. 

The values of chain growth propagation 
(a) ranging from 0.54-0.64 are low relative 
to values of 0.7-0.9 observed for cobalt- 
alumina and cobalt-silica catalysts (11). 
However, this behavior is expected, since 
the catalyst in this study was tested at 
higher than normal reaction temperatures. 
The (Y values were calculated using only the 
linear portion of the Anderson-Schulz- 
Flory plots (C3-C,). 

The tailoff in the ASF plots at the &-Cg 
range is clear indication of a shape selective 
effect as a result of the zeolite support. The 
tailoff was observed at all reaction tempera- 
tures. 

The activation energy of 75 kJ/mol for 
CoNaX is somewhat lower than observed 
for 3% Co/alumina (96 kJ/mol) prepared 
by conventional methods. But again, the 
higher temperature of reaction may contrib- 
ute to a lower activation energy, involving, 
e.g., a different rate-determining step. 

Another difference between the CoNaX 
zeolite and the Co-silicalite catalyst is that 
the largest chain observed with the silicalite 
catalyst is Ct4. The CoNaX system has a 
cutoff at the C, chain length. 

The high olefin yield, decreased methane 
yield, and large COZ by-product (16%) are 
indications that CO hydrogenation activity 
of Co on silicalite and NaX zeolite is low. 
This pronounced water-gas shift activity 
has been previously reported (25). 

The results presented here suggest, then, 
that the Si/Al ratio, pore size of the zeolite, 
and/or the acidity of the support can dras- 
tically influence selectivity. Catalytic re- 
sults for Co-A zeolites prepared by the 
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microwave method indicate larger amounts 
of methane (>50%) as well as for Co-ZSM- 
5 (14). The similarity of the Co-silicahte 
and CoNaX zeolite suggest that particle 
sizes and shapes may be similar but that 
electronic interactions of the cobalt with 
the support may influence selectivity. 
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